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for antiknock compounds 


Ethyl chloride, ethylene dichloride and ethylene dibro- 
mide play an important part in the manufacture of anti- 
knock compounds for combustion engine gasolines. 











Uniformly high quality GLC Graphite Anodes play an 
important part too—in helping the electrolytic industry 
meet the growing civilian and defense needs for chlorine 
and caustic soda. 
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Motor-Stirred 5 Ampere 





Designed for continuous trouble-free performance, these 
electrolytic analyzers, manufactured by E. H. Sargent & Co., 
are durably constructed of the highest grade materials and 
component parts, including stainless steel front panel, cast 
aluminum end castings and stainless steel fittings. 

Completely line operated, the Sargent analyzers employ 
self-contained rectifying and filter circuits. The deposition 
voltage between the electrodes is adjusted by means of auto- 
transformers, with meters indicating volts and amperes and 
controls on the panel. An easily replaceable fuse guards 
against circuit overload. 

The Sargent-Slomin Analyzer stirs thorugh a rotating 
chuck operated from a capacitor type induction motor, motor 
having a fixed speed of 550 r.p.m. with 60 cycle A.C. current 
or 460 r.p.m. with 50 cycle A.C. current. Motors are sealed 
against corrosive fumes; are mounted on cast metal brackets, 
sliding on 4” square stainless steel rods, permitting vertical 
adjustment of electrode position over a distance of 4”. Pre- 
lubricated ball-bearings support the rotating shaft. 

The Sargent Heavy Duty Analyzer provides efficient stir- 
ring by the interaction between the cell current and the field 
established by a permanent magnet, tubular in shape and 
coaxial with the cell holder. 

The Heavy Duty has recessed wells to hold the sample 
beakers, wells being 614” deep, designed to contain 250 ml 
electrolytic beakers, The wall of each well serves as an inner 
‘vall of the water jacket, for use in either heating or cooling. 
Two serrated nipples for rubber tubing connections for cool- 
ing or heating water are mounted on the right end casting. 
In plain copper analysis, 1 gram of copper may be deposited 
in 15 minutes with an accuracy of approximately 0.05% 
without the necessity of special techniques. 

All electrolytic analyzers accommodate electrodes having 
shaft diameters no greater than 0.059 inch. Stainless steel 
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spring tension chucks permit quick, easy insertion of the 
electrodes and maintain proper electrical contact. On the 
Heavy Duty Analyzer, the cathode chuck is eccentrically 
mounted, providing adjustability to accommodate electrodes 
up to 50 mm diameter. Special Sargent high efficiency elec- th} 
trodes are available for both analyzers. 

Analyzers are complete with cord and plug for attachment datiol 
to standard outlets. For operation from 115 volt, 50 or 1-3 
cycle A.C. circuits. 
































SARGENT-SLOMIN | HEAVY DUTY lrivit 
Maximum D.C. current 5 ampere 15 ampere nly 
at each position “a 

se 

Maximum D.C. voltage 10 volts 10 volts ; as 
at each position solutl 
Maximum power 150* or 300 watts 400 watts tions 
consumption i 
Height 18 inches 20% inches " 
Width 11%* or 21 inches | 21 inches atal 
Depth 11% inches 11% inches some 
Net Weight 35* or 61 pounds 80 pounds even 
Shipping Weight 70* or 110 pounds 130 pounds 











*One position unit 2Ur* 
$-29459 ELECTROLYTIC ANALYZER —. Motor Stirred, 
One Position, 5 Ampere, SARGENT-SLOMIN. (Not illus- 
GTI RGED ccecitscecsncsenrcocsccetpievonescepietsnabesnsnsionppenssntitintl $275.00 Nev. 
$-29464 ELECTROLYTIC ANALYZER — Motor Stirred, be 
Two Position, 5 Ampere, SARGENT-SLOMIN, (lIlluscrated p 
RR IE RE SE A I. Pa $ 425.00 duet 
$-29480 ELECTROLYTIC ANALYZER — Heavy Duty, 
Magnetically Stirred, Two Position, 15 Ampere, Sargent 
RE PTA NEE $ 575.00 
(The Sargent-Slomin Analyzers are also available with 
integral, concealed heater unit.) 
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The Rate of Dissolution of Zine and Cadmium in Chromic 
Chloride Solutions' 


Ceci, V. KiInc anp NATALIE MAYER 


Department of Chemistry, New York University, New York, New York 


ABSTRACT 


The relative potentials of the zine-zine ion, chromous-chromic ion systems might lead 
one to expect smooth progress of the reaction Zn + 2Cr*** — Zn** + 2Cr**. However, 


various other reactions are possible, and the dissolution or corrosion process is com 


plicated; it is electrochemical in nature, and, in some solutions, rapid enough to permit 


reduction of chromic ion 


INTRODUCTION 






The dissolution of zine in chromic chloride solu- 
tions was chosen for study for a number of reasons. 
The reduction of chromic ion to chromous does not 
require conversion of hydrogen ion to water as is 
ysual with “‘depolarizers.’’ The normal potentials of 
oxidizing and reducing couples are not dependent on 
hydrogen ion concentration; they are not widely 
different, but will allow essentially complete reaction: 


In + 2Cr*+*+*+ — Znt+ + 2Cre Ek® = 0.35 v. 


‘i lt was desired to compare the reaction kinetically 
lec- ith reactions of similar type, for example, the oxi- 
ent Ma dation of copper and silver by ferric and ceric ions 
60 |-3). Finally, it was hoped to compare the reaction 
= zine With that of iron and cadmium, where the 
La living potentials are smaller; this aim has been 
) nly partly realized. 

Several reactions can and do complicate the dis- 
wlution-reduction process. Chromic chloride solu- 
tions are acidic through hydrolysis, and, while pure 

: une scarcely reacts with pure acid of such pH, 
atalytic hydrogen evolution becomes important in 

some solutions. Chromous salts are metastable in 

) even slightly acid solutions: 

; 

7 2Urt+ + 2H*+ — 2Crt+*+ + H, 

“ EY = 0.05 v at pH = 6. 

ee Nevertheless, stable solutions of chromous salts can 

ed. 

ted fae °C prepared for analytical use by quantitative re- 

00 duction of acidified chromic salts (or dichromate) by 


amalgamated zine (4). Platinum and other substances 


Manuseript received January 20, 1953. This paper was 
prepared for delivery before the Wrightsville Beach 
Meeting, September 13 to 16, 1953. From a Ph.D. thesis sub- 
mitted by Natalie Heyman Mayer to the Graduate School 
| of New York University, February 1953. Work done under 
ICA Contr AT (30-1)-816 of the U. S. Atomic Energy Com- 
NOiee ''88ion with New York University. 
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transport control of the rates. The dissolution rate is highly dependent on the form of 
chromic ion present, on pretreatment of the metal surface, in some solutions on the 
acidity, and, under some conditions, the main reaction is hydrogen evolution with little 


catalyze the reaction with hydrogen ion, and the 
reversible Cr**—Crt** potential cannot be estab- 
lished on a platinum electrode (5). Oxygen reacts 
rather rapidly and, eventually, completely with 
chromous ion, but even traces of oxygen make the 
reversible potential measurements difficult (5). 

It is possible for zine to carry the reduction to 

metallic chromium 

Cr++ + Zn — Cr + Znt** k° = 0.05 v. 

There is no direct proof in the present research that 
this reaction takes place, since chromium was not 
identified as a product. However, hydrogen evolu- 
tion with zine and its absence with cadmium seems 
probably due to the formation of zinc-chromium 
couples. 

The rate of dissolution is highly dependent on the 
form of chromic ion present. Aqueous chromic chlo- 
ride solutions contain (6) the green dichlorotetraaquo 
ion CrCl.(H-O),* and the purplish-blue (violet when 
very dilute) hexaaquo ion Cr(H2,O),***. At equilib- 
rium, all of the ion is in the purple form in solutions 
up to 0.6M, while more concentrated solutions con- 
tain increasing amounts of the green form (42% at 
8). Solutions freshly prepared from the green hy- 
drated salt contain the green ion, which changes to 
the purple ion or the equilibrium mixture slowly, 
requiring 18 hours or more at 25°C. Acidity favors 
the purple form, but inhibits the attainment of 
equilibrium; if acid is added to a freshly prepared 
dilute green solution, it remains green indefinitely. 

This rather complicated behavior is explained as 
follows (7): conversion of green ion to violet occurs in 
two stages, and requires the presence of hydroxy! 


ions 


CrCl.(H.0),+ + 20H- = Cr(OH).(H.0),* + 2Cl 
Cr(OH )o(H2O),* + 2H* — Cr(H.O),*+** 
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The first reaction takes place slowly in dilute acid, 
not at all in more concentrated acid. The intermedi- 
ate ion is green. If a small amount of base (not enough 
to precipitate the hydroxide) is added to a dilute 
green solution, displacement of chloride takes place 
rapidly; acidification after a few minutes gives the 
purple form at once. 

The two forms have different hydrolysis constants 
(8): A (green) = 1.9 X 10~-*; K (purple) = 1.6 K 10- 
at 25°C. (These are for the first stage of hydrolysis, 
and the values vary considerably with ionic strength 
of the solution.) Formation of purple ion from green 
automatically slows down the conversion, since it 
increases the acidity. 


EXPERIMENTAL 


Cylinders of Special Purity zinc,? about 2.5 cm 
long and 2.0 to 1.6 em in diameter (decreasing with 
use), were rotated in the solutions as in previous 
work (1-3). A few experiments with analytical grade 
zine showed no significant difference except in hydro- 
chloric acid alone. Some experiments were done with 
cadmium cylinders of similar dimensions; the metal 
was of best commercial grade. 

All solutions were deaerated, and the experiments 
were carried out under nitrogen. The purple solutions 
were prepared by boiling, then cooling and storing 
under nitrogen until equilibrated (all solutions are 
green at the boiling point). Green solutions were 
prepared by dissolving the salt in, and diluting with, 
deaerated distilled water, with nitrogen continuously 
bubbling through. 

Since the hydrated chromic chloride is hygroscopic, 
solutions were made at the approximate concentra- 
tion desired, and analyzed. Stock solutions were 
made when possible, but many of the green solutions 
had to be used immediately. For analysis, the chromic 
ion was oxidized to chromate with sodium peroxide, 
excess being decomposed by boiling; then phosphoric 
acid and excess standard ferrous sulfate were added, 
and the remaining ferrous ion titrated with standard 
dichromate, using diphenylamine sulfonic acid as 
indicator. Mean concentrations are given below, and 
the actual concentrations were seldom more than 3 
per cent different. 

In some of the runs, a 600-ml beaker was used, 
and it was equipped with a plastic refrigerator bow! 
cover with close-fitting holes to admit the motor 
shaft, nitrogen inlet tube, etc. When it was desired 
to use small samples to be discarded after a few 
minutes, run, 65 to 100 ml of solution was placed in a 
small square bottle with neck slightly larger than the 
cylinder and Bakelite sleeve which covered the ex- 
tended motor shaft. Nitrogen was admitted through 
a tube fitted into a hole in the side of the bottle. In 


* New Jersey Zine Sales Company, New York, N. Y 
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both methods, air was largely, though not rigorous)y 
excluded. “BB pringine 

At first, the temperature was maintained at chrom’ 


















30° + 0.1°C, but when the temperature coefficiey, 
was found to be low and the reproducibility of raj 
poor, most of the experiments were done at rooy 
temperature, between 25° and 30°C. 

Ail rates were measured by weighing the cylinder 
which were initially abraded and finally polishe 
with No. 600 silicon carbide paper, or were etched 
after such polishing, as described below. Averag 
weight losses per minute in short runs are plotted jy 
the graphs. These may be taken as approximately 
“instantaneous” rates, except where the rate is obvi. 
ously changing rapidly with time. Anal 
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In the polarization experiments, current was sup. Enoug! 
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Fic. 1. Zine cylinder (1.9 em diameter) rotated in 30 


. ' : . ; . purple 
purple chromic chloride solution at 2160 rpm, 30°¢ ow 


cury in a steel cup mounted on the motor shaft; samp! 


steel spring, fitted in a slot in the motor shaft exten ij" 
sion, helped to make good contact with the metal Wh 
cylinders. A platinum sheet 8 x 12 em served as fj ™Y . 
second electrode. soluti 
Is not 

Experiments with Purple Solutions In COI 

In be 


The cylinders were rotated for periods of 2 to |) oe 
min, at 2160 rpm (~12000 em/min_peripherm Th 
speed), in 500 ml of solution at 30°C. During this 


chro 
time, 6 to 20 mg zine ordinarily dissolved; alter me 
weighing, the cylinder was reimmersed in the sal nitrie 
solution. The metal was polished at the start (Ho... 
each series of runs; the surface soon became du lent 
and, in time, developed a gray-black film. The rats 4. 


behaved as shown in Fig. 1 and 2. Results in ident’ 
solutions were similar, but varied widely in succe> 7 
sive runs, either with the same or with differ! ... 


cylinders. Different methods of polishing, including filled 
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bringing the zine surface to a bright mirror finish in 
chromic acid etching baths, gave similar results. 

Hydrogen evolution always accompanied the dis- 
lution, and, even in runs of several hours duration, 
there was no evidence of reduction of chromic to 
shromous ion in the bulk of the solution. Low concen- 
trations of added hydrochloric acid had little effect; 
larger amounts increased the rate appreciably, and 
diminished the amount of black film formation. In 
ing runs, the cylinders developed a few deep pits. 
{not removed completely by abrading the cylinders, 
these developed further in subsequent runs; eventu- 
ally a few new pits would appear. 

Analysis of the gray-black film proved difficult. 
Enough was scraped from a cylinder to subject to 
y-ray analysis, but it showed no crystalline structure. 
The film was allowed to develop in several 3- to 
shour runs, and removed each time in the same 
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F Fic. 2. Zine cylinder (1.9 em diameter) rotated in 500 ml 
purple chromie chloride solution at 2160 rpm, 30°C. 


sample of dilute nitric acid. The solution was color- 
ess and gave no test for any chromium salt. 

When rotated, the metal acquires and maintains 
oly a very thin film. When left stationary in the 
solution for 24 hours, a thicker film is formed. This 
isnot removed by dilute nitric acid, but turns green 
in concentrated nitric acid. It can then be removed 
in boiling, dilute hydrochloric acid, and gives a 
green solution containing chromic chloride. 

This seems to identify the initial black film as 
thromous oxide CrO, which does not dissolve in 
dilute acids, but is oxidized to Cr.O; by concentrated 
uilrie acid. Evidently hydrogen evolution at the zinc 
‘urface causes the pH to rise, and all chromous ion 
lormed is precipitated as CrO. It is possible that 
chromic hydroxide or oxide is also formed, but this 
could not be proved. 

A sample of 0.15M purple chromic chloride (50 ml) 
Was run slowly through a Jones reductor column 
tilled with dry, 20-30 mesh (unamalgamated) zine; 


the pH of the solution increased from 2.3 to 3.9, 
but there was no apparent reduction. After thorough 
washing, dilute sulfuric acid was run through, and the 
emerging solution was intensely green in color. Evi- 
dently chromic hydroxide or a basic salt had been 
retained on the zinc. If either a chromous compound 
or metallic chromium was formed, it was not evident. 

Initial rates (i.e., with the zine repolished for each 
point) were now run, with a wide range of added 
hydrochloric acid; the results are shown in Fig. 3. 
The more acid solutions were green, since they were 
deaerated by boiling, and it was not known at the 
time that the presence of acid would prevent equi- 
libration on cooling. Hydrogen evolution was copious, 


. and the green solutions changed to purple in longer 


runs. This is due to the pronounced increase in pH 
at the zine surface, which allows exchange of 
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Fig. 3. Effect of HCl on dissolution rate of zine cylinder 
at 2160 rpm, 25°-30°C, 65 ml chromic chloride solution. 


hydroxyl for chloride in the green ion, with subse- 
quent conversion to purple ion in the bulk of the 
solution. 

In these runs the zine surface always became gray, 
but definite films were not evident in the more acid 
solutions. Even in long runs the solutions did not 
change to the characteristic blue of chromous chlo- 
ride, nor could chromous hydroxide be identified on 
the addition of base. There was no way of testing for 
metallic chromium on the zine surface, although it 
was suspected that this was responsible for the 
hydrogen evolution. 

For comparison, similar experiments were carried 
out with cadmium cylinders of similar dimensions. 
While cadmium can reduce chromic ion to chromous 
with the concentrations used here, it cannot carry 
the reduction to metallic chromium: 


Cd + Cr+* — Cdt+* + Cr E® = —0.31 v. 
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The rates obtained are plotted in Fig. 4 and 5. 
Rates for both zine (Fig. 3) and cadmium are given 
in milliequivalents to facilitate comparison. 
Cadmium dissolves about half as fast as zine under 
these conditions; no visible films are formed on the 
surface, no hydrogen is evolved, and, in longer runs 
(45 min or more), much of the chromic ion is re- 
duced. The more acid green solutions change, not to 
purple, but to the characteristic blue of chromous 
chloride. Addition of sodium hydroxide precipitates 
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Fic. 4. Effeet of HCl on dissolution rate of cadmium 
cylinder at 2160 rpm, 25°-30°C, 65 ml chromic chloride 
solution 
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Fic. 5. The rates of Fig. 4 vs. square root of HCl activity 


yellow-brown Cr(OH )., which slowly changes to blue- 
green Cr(OH), in the air. 

None of these rates are additive for acid and 
chromic ion. The difference in reactivity of zine and 
cadmium in deaerated hydrochloric acid alone is very 
evident. Cadmium dissolves at a scarcely appreciable 
rate even in 4M HCl on the seale of Fig. 4; zine dis- 
solution increases exponentially with acid concen- 


tration. 


Experiments with Green Solutions 
The cylinders were rotated in 65-ml samples of 
solution for periods of '4 to 5 min, during which time 
20 to 50 mg of zine ordinarily dissolved. The rates 


increase as the zinc becomes etched, as shown in 
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Fig. 6, levelling off in 15 to 40 min, dependi: ¢ oy :),qmation®! 
concentration. The rates were more rep: odycijmmineal V! 
with etched zinc, but, if not used for a day or mop 
a cylinder had to be re-etched for some time O repeat 
the maximum rate. Rates 
The experiments described below were done y theporuuions 
etched cylinders. The zine surface became dul], },:fimbetee" 
no corrosion film was apparent. Each cylinder ep, — 
sisted of only a few single crystals which were clegply 
visible. The surface rernained smooth to the eye ay pi 
touch, but under the microscope appeared yer 
rough, each crystal looking somewhat like the surfy 
of a corroded file. There was no pitting; in the coypslllf 7 7 
of the experiments some crystal faces dissolved mop : 
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2.0 ' T — BB: 
0.206™M CaCl, °3F 
° 
™ 3 
. 1.6 i 5 
3 
N Cir 
2 1.2 
° L 
i] 
= 


RATE, 
° 
@ 


° 
rs 








i 1 


i — j 
10 20 30 40 $0 
TIME, MINUTES 





Fic. 6. Zine evlinder (1.8 em diameter) rotated in 65 
green chromic chloride solution at 2160 rpm, 23°-25 
fresh solution for each point. Another run in 0.15M Cr 


rose more slowly to 1.63 after 65 min 





than others, resulting in flattened spots on the cy 
ders. 

Hydrogen evolution was visible in somewhat 
than half these experiments, and began sudden 
after a few minutes of rotation in the solution. | 
appeared to be a chance occurrence and showed 
correlation with conditions or concentration. Why 
hydrogen was evolved, the rates were less repr 
ducible, but not distinctly low or high. In longer 
runs, the solutions changed to purple when hydrog' 
was produced, and there was no test for chromots 
ion; if no hydrogen was evolved, in 45 min or mor 
the solution became blue and Cr(OH),. could » 


he hoi 


Ke WeE 


precipitated. 
Fig. 7 shows the effect of rotational speed of th 


cylinder on the rate, and Fig. 8 gives more dé tails of ample 


the dependence of rate on concentration. It will begjperatu 


° . ea nge herse 
shown below that most of these rates are in the rane rset 


. me . ° ° 2} ” OSS Wi 
of diffusion (or transport) control, but it is obvi0l 

= ; ; Mecurs 
that this is not true for all concentrations and ' 
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ational speeds, since, if it were, the rates would be 


year witht both variables. 


Temperature Coefficients 


Rates were measured in two green chromic chloride 
slutions at two rotational speeds, at temperatures 


wtween 10° and 70°C, and the results are shown in 
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i}. 7. Etehed zine cylinders rotated in 400 ml green 
mie chloride at 27°C 
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ktehed zine cylinders rotated in 400 ml green 
mic chloride at 27°C 

x. 9. The solutions used are permanently green at 
he boiling point, but change fairly rapidly to purple 
eiween 50° and 70°C. Consequently, a 400-ml 
ample was heated rapidly to the appropriate tem- 
erature and the rotating cylinder immediately im- 
hersed for a 30- or 60-see period. The highest weight 
‘ss Was S3 mg in 30 sec. Because of the method, the 
weuracy is not. high. 
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The change in slope of the curves for 6000 rpm 
above 50°C indicates a change in mechanism rather 
than conversion to the purple ion, since it does not 
occur at 2160 rpm. The lower-temperature slopes 
give activation energies lying between 4000 and 6000 
cal/equivalent, which is in the range of diffusion 
activation. 
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Fic. 9. Temperature coefficient in green chromic chloride 
solutions; zine cylinders 1.8 em diameter. 
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POLARIZING CURRENT, MA Cm-2 


Fig. 10. Cathodic and anodic polarization of zine 
cylinders 1.7 em diameter, 2160 rpm, 27°C. 


st 


Polarization of the Zinc 


Zine cylinders rotating at 2160 rpm in 400 ml of 
solution were subjected to cathodic and anodic polari- 
zation (at ~27°C) in both purple and green solutions, 
using an auxilliary platinum electrode. The results 
are shown in Fig. 10. The metal is readily protected 
from corrosion by a cathodic current, about 8 
ma/cm? being necessary in purple solutions, 30 to 40 
ma/cem? in green solutions. The time of immersion 
was 5 min in purple, 3 min in green solutions for 
each measurement, and it is rather surprising that. 
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polished and etched zine dissolves at nearly the same 
rate in the latter solutions when polarized. In view 
of the variability of rate measurements sometimes 
found, it is not certain whether the polarization curve 
should be drawn as shown in Fig. 10, or whether a 
straight line should be drawn through all the points 
for green solutions. In any case, there is probably 
some reduction in free corrosion on anodic polari- 
zation. 


DiIscussION 
Purple Solutions 


It may be concluded from the observations with 
purple chromic chloride solutions that the rate of 
zine dissolution is never controlled by transport of 
chromic ion to the surface. The main reaction is 
hydrogen evolution and is electrochemical in nature 
in that permanent, separate anodic and cathodic 
areas are established. There is some reduction to 
chromous, and, at low acidities, CrO is formed and 
partially blocks the surface, accounting for the low 
rates. 

Free hydrogen evolution requires either the forma- 
tion of metallic couples or catalytic reduction of 
hydrogen ion by the chromous ion formed. Lack of 
hydrogen evolution with cadmium, although reduc- 
tion takes place, suggests that deposition of metallic 
chromium on the zine is responsible for the cathodic 
areas. The formation of couples and the entire rate 
control seems to be determined “accidentally” (which 
may mean the exact condition of the zine surface), 
hence the rates vary widely from run to run, change 
with time, ete. The behavior resembles that of zine 
in acidified solutions of methylene blue (9), which is 
slowly reduced with ‘“‘catalytic”’ evolution of 30 to 40 
times as many equivalents of hydrogen, and pitting 
of the zinc. Possibly metal impurities in the dye 
deposit on the zine and form couples, as is assumed 
here for chromium. 

The enormous effect of added hydrochloric acid 
suggests that chromic ion is not reduced directly by 
either zinc or cadmium, but rather by atomic hy- 
drogen on the metal surface. The dissolution of zinc 
is complicated, but reaction with cadmium proceeds 
smoothly, probably with quantitative reduction of 
chromic ion. In the latter case, the rates, as shown in 
Fig. 4 and 5, can be approximately represented by 
the equation: 


1/2 
‘dnc 


dn/dt = kCo,++ 


where @yc) is the hydrochloric acid activity (10). 

It is important in such a case to estimate the maxi- 
mum rate at which chromic ion could reach the cad- 
mium surface by convective-diffusive transport if the 
surface process were very rapid. One way to do this 
is by means of an equation developed by Wagner (11) 





Noven er 195) 


for the rotating cylinder-turbulent flow expx imenty| 
system: 


dn/dt = 0.010 ev(D/v)®3, 


This equation is based on the method of dimensigp, 
less group analysis (12) to correlate previous ¢. 
perimental work (13); the values 0.010 and 0.83 ay 
constants, v is the peripheral speed of the cylinder. ) 
the diffusion coefficient of the reagent, and » thp 
kinematic viscosity of the solution. 

Substituting in equation (1) the values: ¢ - 
0.107M (107 K 10-* moles ecm~*), v = 12000 ey 
min~'. vy = 0.0090 em? sec for dilute AQUEOUS soll. 
tions, D = 7.4 X 10-* cm* sec, estimated from the 
value for ferric ion at 15°C (14), the calculated may. 
mum rate becomes dn/dt = 3.5 X 10° meq em 
min~'. This is less than twice the highest experi. 


mental value for this concentration (Fig. 5). It js 
concluded that the lower rates in Fig. 5 are controlled 
mainly by the surface process, and that the highes 
points fall below the straight lines because a partial 
concentration gradient is set up (mixed rate contro 


Green Solutions 


The over-all picture for zine dissolving in gre 
chromic chloride solutions is that the rate proces 
hovers between chemical (or electrochemical) and 
diffusion control. With polished cylinders, the former 
is slower and rate-controlling; as the surface becomes 
etched its real area becomes greater, the chemica 
rate increases, and transport to the surface becomes 
the slowest process. 

At the lowest concentrations of Fig. 8, the rates 
are not at maximum values, since they increase with 
concentration faster than the latter. Above 600) 
rpm, there is little if any increase in rate, and, at 
4000 rpm and above, the rates approach maximum 
values at 0.15M CrCl. At intermediate values one 
can expect transport-controlled rates. 

An alternative method of testing observed rates s 
to calculate the “effective diffusion layer thickness’ 
by means of the Nernst equation: 


— DAec 
~ dn/dt 


and compare the values found with those for known 
transport-controlled reactions. Table I gives values 
of 6 calculated from the rates of Fig. 7 for 5000 rpm 
These may be compared with values ranging from 
4.0 X 10 to 4.4 XX 10~ em found previously !" 
acetic and hydrochloric acids with similar cylinder 
rotating at 5000 rpm (15). 

Values of 6 vary somewhat with D, as can be see! 
by combining equations (I) and (II), but this 1s uh 
important. The two low values of Table I, corm 
sponding to higher rates than expected, are perhays 
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due to greater roughness of the surface at the higher 
eoncentrations. A ‘troughness factor” can be inserted 
i, equation (I) and is necessary, if increased turbu- 
lence Is caused at the metal interface (11). It is also 
gossible that these high rates were caused by dissolu- 
tion with hydrogen evolution in addition to chromic 
reduction. 

it would be of interest to study rates in the green 
lutions with added acid. If there were no hydrogen 
ovolution, all rates of chromic reduction should be 
iransport-controlled, since the chemical rates would 
oo doubt be increased. If hydrogen evolution started 
as by “accidental” deposition of chromium), the 
rates should be higher and dependent on the acidity, 


TABLE I. Effective diffusion layer thickness 
D = 7A X 10°* em? sec™, 5000 rpm, evlinder 
diameter 1.9 em 


CrCly Af Rate, meq cm? min™ é, cm, X 104 
().0096 0.010 4.2 
0.049 0.047 1.6 
().070 0.072 1.3 
(0). 098 0.156 3.5 
0.148 0.198 3.3 


but extremely variable from one experiment to 


other. 
CONCLUSIONS 


In this work with zine and cadmium dissolution in 
chromic chloride: solutions, three rate-controlling 
processes have been found operative under suitable 
conditions. 

|. Transport of chromic ion, by convection and 
diffusion, to the metal surface. This process is rate- 
controlling with zine in the green solutions, provided 
the chemical rate is sufficiently high, as with an 
etched surface and probably with enough hydrogen 
on present (although this factor was not tested). 
Also, accidental hydrogen evolution may vitiate the 
transport control. 


2. Simple chemical control, as with cadmium in 
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the purple solutions with added acid. The dissolution 
of zinc in the same solutions is probably partly under 
the same type of chemical control, but the process is 
complicated by simultaneous hydrogen evolution, 
and the over-all rates are considerably greater. 

3. An electrochemical process in which chromium 
is probably deposited on the zinc, forming couples; 
hydrogen evolution is then the main reaction, and 
the rates vary in accidental fashion. Since hydrogen 
ion is used up, the pH rises at the zine surface and 
varying amounts of chromous oxide, perhaps chromic 
oxide or hydroxide, are formed. Precipitation of 
these solids, with indefinite amounts of chromium, 
leads to great variation in the dissolution rates. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1954 issue of the 
JOURNAL. 
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Some Properties of Tin-I] Sulfate Solutions and Their Role jy 


Klectrodeposition of Tin 





Il. Solutions with Tin-I] Sulfate and Sulfuric Acid Present: 


CLARENCE 


Rutaers University 


A. Discuer 


ABSTRACT 


Density, refractive index, surface tension, viscosity, freezing point depression, con 


ductivity, 


respectively ’ 


The effects of the sulfuric acid on these properties are noted 


The State University of New Jersey, College of Pharmacy, Newark, New Jersey 


transference number, and the electrode potential to pure tin and hydrogen, 


have been measured for a range of tin-II sulfate-sulfurie acid solutions 


Relationships between 


concentration and the magnitude of these properties and various derived properties are 


determined 


INTRODUCTION 


Some physical properties of aqueous tin-II sulfate 
solutions have been reported in a previous paper (1). 
In the present paper the same pre yperties are studied 
for the aqueous system, tin-IIT sulfate-sulfuric acid. 
Using the information given in the two papers as a 
basis for comparison, a study of physical properties 
of similar solutions containing addition agents should 
enable one to determine which of these physical 
properties, if any, vary in the presence of effective 
addition agents. The work on addition agents will be 
reported in the next paper of this series. 


EXPERIMENTAL 


The procedures and equipment have been pre- 
viously reported (1). It was necessary to substitute 
a low-temperature thermometer, graduated in 0.1°C 
the differential the 
freezing point work. 
the of 
both the molar concentration of the tin-II sulfate 


divisions, for thermometer in 


Since properties studied are a function 
present and its mole fraction,’ it was thought best to 
confine the major part of the experimental work to a 
series of concentrations at the same mole fraction. 
The mole fraction selected was 0.32. However, ad- 
ditional baths, sufficient in number to indicate the 


effect of varying mole fraction, were run 


RESULTS 

Table I, 
gether with experimental values of the physical prop 
the 
electrical properties measured are given in Table ITI. 


Molar concentrations are given in to- 


erties measured. Experimental values for 


Manuscript received December 15, 1052. This paper was 
prepared for delivery before the Montreal Meeting, October 
2% to 30, 1952 

? Mole fraction 


number of moles of tin I] sulf ite divided bv the total num 


is used in this paper, is defined as the 


ber of moles of tin-II sulfate and sulfuric acid 


iSO) 


Refractive 


index 


Possible structural species existing in the solutions are suggested 


measurements 


are 


the molar concentration of tin-II ion in Fig. 


effect of mole fraction variation is shown 
TABLE I. Some physical properties of SnsSO, 
solutions 
Concentration 
“urtace 
Moles | Moles | “Mueiy |Metective | \ y | eae 
tin-II sulfuri« . a j ae 
sulfate acid 
liter liter 
0.028 0.065 1.006 1.3343 0.0090 72.7 
0.060 0.131 1.017 1.3363 0.0092 72.5 
0.112 | 0.234 1.032 1.3390 0.0095 
0.172 0.373 1.052 1.3426 0.0099 73.2 
0.225 0.506 1.070 1.3460 73.7 
0.262 0.529 1.079 1.3471 0.0105 
0.340 0.769 1.109 1.3530 0.0115 73.3 
0.405 1.029 1.134 1.3566 0.0120 73.9 
0.462 1.0389 1.146 1.3590 0.0124 74.7 
0.519 1.180 1.167 1.3623 0.0137 74.7 
TABLE II. Some electrical properties of SnSO 
olutions 
Moles 
tin-II he cae ESn St Pus H Tra 
ullate mho < tes sn 
nes 
0.028 0.0325 0. 2266 0.0655 0.07 
0.060 0.0652 0. 2263 0.0520 0.05 
0.112 0. LOSS 0.2243 0.0384 0.06 
0.172 0.1797 0.2240 0. 0284 0.00 
(). 225 0). 2342 0.2240 0.0284 0.12 
0.262 0.2429 0.2270 0.0301 0.09 
0.340 0.2246 0.2269 0.0125 0.05 
0.405 0. 2800 (). 2052 0.0165 0.04 
0.462 0.3357 (). 2224 0.0138 +007 
0.519 0.4435 0.2276 0.01938 0.08 


family of curves. While the 0.32 mole fracti 


is the only one studied in detail, it is appar 


refractive indices for other mole fractions 
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‘heme ves in the order of mole fraction. In regard 
. the 0.32 series curve, it is to be noted that there is 
, break at about 0.27 moles per liter. For comparison 
purposes the curve for pure tin-IT sulfate (n = 1.00) 
olytious has been included (1). While the plot is not 
presented, the molar refraction curve shows a gradual 


crease in the magnitude of molar refraction up to 
a3 tin-Il sulfate. Above 0.3.1, this curve levels 

fata value of about 24. 
\ graph of the density data is not presented be- 
ie the curves resemble those for refractive index. 
rhere is a marked inflection in the 0.32 mole fraction 
ve at approximately the same concentration of 
I] ion as in the corresponding refractive index 
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Fic. 1. Variation of refractive index of SnSO,-HeSO, 


itions with molar concentration of SnSO, for various 


fractions of SnsO), 


(he surface tension measurements are given in 

ble I, but are not presented in graphic form. 
lowever, the following points may be significant. 
lor all solutions studied the surface tension is greater 
an that of pure water (71.8 dynes/em). This indi- 
ites that the molecular species present in the solu- 
ms are, at least partially, in the ionic form. 
acleod’s constant (2) was calculated at each con- 
utration; the plot obtained is similar to that shown 

Fig. 1. 

\bsolute viscosity data are plotted in Fig. 2. The 
irves for sulfuric acid (3) and tin-II sulfate solutions 
re included for comparison. The points for mole 
ractions other than 0.32 mole fraction are omitted 
i this and the following plots since in all cases they 
wrange themselves in the order of mole fraction as 
‘hown in Fig. 1. The dotted line represents the 
theore\ieal viscosity of tin-IIT sulfate-sulfuric acid 


“Olutions. It was obtained by summation of the con- 
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tributions of tin-II sulfate and sulfuric acid, re- 
spectively, no interaction between these substances 
being assumed. Relative viscosity and specific 
viscosity were calculated for each concentration of 
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Fic. 2. Variation of absolute viscosity (poises) with 
concentration of SnSO, for the 0.34 mole fraction SnSO, 
series. The curves for pure SnSO, and H.SO, solutions are 
shown for comparison. The theoretical viscosity, assuming 
additivity of viscosity of the constituents, is shown as a 
broken line 






































Fic. 3. Variation of the freezing points (°C) of the 0.34 


mole fraction series of solutions with concentration of 
SnSO,. The SnSO,, HeSO,, and theoretical 0.34 mole frac 


tion series curve are shown for comparison 


tin-II ion. These two plots are not shown since they 
duplicate the general features shown in Fig. 2. 
Freezing point data are presented in Fig. 3. It is 
noteworthy that for the 0.32 mole fraction series the 
theoretical curve, obtained by summing contributions 
of tin-II sulfate and sulfuric acid, closely parallels 
the experimental curve to about 0.2 MW tin-IT sulfate. 
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At higher concentrations the experimental depres- 
sions are greater than theoretical. The values for 
van’t Hoff’s 7 increase steadily with increasing con- 
centration in the 0.32 mole fraction series. 

Specific conductivity and equivalent conductivity 
data are plotted vs. concentration of tin-II in Fig. 4 
and Fig. 5, respectively. Conductivity variation with 
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Fic. 4 
mole fraction series of solutions with concentration of 
SnSO,. The SnSO,, H:SO,, and theoretical 0.34 mole frac- 


tion series curve are shown for comparison. 


Variation of the specific conductance of the 0.34 
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Fic. 5. Variation of equivalent conductance (0.34 series) 


with SnSO, concentration 


change in concentration of sulfuric acid and vs. total 
sulfate was also studied. The plots obtained indicate 
that conductivity follows tin-II concentration more 
closely than acid or total sulfate concentration, es- 
total 
Onsager’s equation, the equivalent conductance at 


pecially at higher concentrations. Using 
infinite dilution was calculated for each concentration 
of tin-II ion, and the values plotted. Two straight 
lines result, one ranging from 0.03.M to 0.3M, and 


the other from 0.3. to 0.6M tin-II ion. 
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Transference data are presented in Fig. 6, Phy 
transference number for tin-I1 is small and pogitiy, 
until nearly 0.2M tin-II. At higher concentrations } 
is negative, reaching a minimum value at aboy 
0.23M and increasing slightly thereafter. The eyry, 
for transference numbet.fok Aydrogen fer-practia)) 
duplicates that for equivalent conductance. This \. 
expected since hydrogen ion is the predominay 
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Fic. 6. Variation of transference by tin-II and hydrog 
ions, respectively, with SnSO, concentration. 
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Fic. 7. Variation of the ratio of transference number 
the molar concentration of tin-I] with SnS, concentrat 


earrier of the current in these solutions. As found 
with conductivity, the transference by hydrogen 10! 
seems to vary as a function of the tin-II concentre- 


tion, rather than the concentration of sulfuric acid: 


total sulfate. In Fig. 7 the ratio of the transieren 
of each of the ions to molar concentration of tin-[I 


plotted vs. molar concentration of tin-II. 
Electrode potentials are plotted vs. tin-II conce 


tration in Fig. 8. Activity coefficients, based on thes 
measurements, are shown in Fig. 9. The plots !! 
activity are not shown, but the curve obtained !0! 
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jydrog’n ion is similar to that for specific 
conductivity. 

The plating behavior as expected is unsatisfactory. 
In general, increasing the acid ratio increases the 
brightness of the crystals, while increasing the tin-II 
ratio increases the grayness of the deposits. At lower 
eyrrent densities, especially in the still bath, there is 
gtendency to give gray powdery deposits, the clumps 
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Fig. 9. Variation of activity coefficients of hydrogen and 


n-Il, respectively, with SnSo, concentration. 


ol powdery crystals becoming tighter with increasing 


ctrolyte concentration. Increasing current density 
ind concentration result in increasingly longer 
branched needles, the branching becoming progres- 
‘ively less with increasing concentration. There is, as 
expected, severe gassing at high current densities 
and low tin-II concentrations. 


DISCUSSION 


This diseussion must be concerned primarily with 
the 0.32 mole fraction tin-II sulfate series of solu- 
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tions, since this series is the only one in which a 
reasonably complete range of concentrations was 
studied. A study of the plots presented indicates two 
general concentration ranges of consistent behavior: 
the first, 0.0-0.2M tin-II sulfate and, the second, 
from approximately 0.3-0.6M tin-II sulfate. For 
concentrations between these ranges, that is, 0.2- 
0.3M, the curves obtained by plotting property vs. 
molar concentration show a break or pronounced 
change in slope. It may also be noted that when the 
theoretical curves obtained by summation of the 
effects of pure tin-II sulfate and pure sulfuric acid 
are plotted, the deviation from the experimental 
value changes sign between 0.20-0.30M. The con- 
clusion drawn is that there are two areas of behavior 
for solutions of 0.32 mole fraction tin-II sulfate- 
sulfuric acid. Consequently the molecular species 
present must be different in each, with a transition 
between species falling between 0.2-0.3M. 

Concentration range 0.0-0.2M .—In this range the 
contributions of tin-II sulfate and sulfuric acid to a 
given property are very nearly additive. This indi- 
cates that, for the most part, the two components 
are acting independently of one another. This range 
represents those concentrations of sulfate ion in 
which the tin-II exists either as simple ions, mole- 
cules, or the complex Sn[Sn(SO,).| depending upon 
concentration as presented in the previous paper (1). 

As shown in Fig. 6, the transference number of 
tin-II is positive in this concentration range. It 
decreases steadily with increasing concentration, be- 
comes zero at about 0.18M tin-II; it is negative at 
higher concentrations. This is indicative of the pres- 
ence of free tin-II ion, the number of free tin-II ions 
decreasing with concentration. The gradual decrease 
in concentration of free tin-II ion is also indicated 
by the activity coefficient of tin-II. The numerical 
value of this latter property decreases with increased 
concentration in the concentration range under 
study. 

Freezing point data also give some light as to the 
nature of the molecular species present in solutions 
within the 0-0.2M tin-II range. With reference to 
Fig. 3 it is seen that the theoretical curve obtained 
by summing contributions of tin-II sulfate and sul- 
furie acid, if one assumes no appreciable interreac- 
tion, closely parallels the curve obtained from the 
experimental data. This indicates that tin-II exists 
in ultimate particles similar to those in pure tin-II 
sulfate solutions of corresponding concentration. 
That is, the tin-II sulfate exists in low concentra- 
tions as tin-II ions, sulfate ions, and tin-II sulfate 
molecules, with the relative amounts of each chang- 
ing in favor of the molecular form with increasing 
concentration. 


Theoretical freezing points mav also be calculated 
£ . 
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by use of concentration data in Table I and activity 
data derived from the electrode potentials given in 
Table Il. Using the concentration of free ions, as 
given by the activity, and the concentration of 
molecules, as given by the difference between molar 
concentration and activity, the following freezing 
points may be calculated for the respective solutions 
in this concentration range: —0.31°, —0.61°, —1.05°, 
— 1.63°C. The caleulated value for the 0.225M solu- 
tion is —1.98°C. The corresponding experimental 
freezing points are —0.18°, --0.58°, —0.99°, 
—1.65°C; —2.38°C for the 0.225M solution. This 
correspondence between calculated and experimental 
values further supports the view that within this 
concentration range the tin-II exists in varying ratios 
of simple tin-II ions and tin-II sulfate molecules, the 
actual ratio being a function of the concentration of 
the solution. Above 0.2M the theoretical freezing 
points agree with the experimentally determined 
values only on the assumption of the existence of 
the tin-II in complex negative ions. 

Molar refraction does not vary linearly with con- 
centration in this region. This also lends support to 
the supposition that a change in ratio of the various 
particles is taking place. 

On the basis of the evidence presented it seems 
probable that simple molecules and ions of tin-II 
sulfate and sulfuric acid exist in the lower part of 
the concentration range. As concentration increases 
the molecular tin-II sulfate increases at the expense 
of the simple tin-II ions, possibly followed by the 
appearance of some |Sn(SO,)2/" complex ion. 

Concentration range 0.3-0.6M .—In this range the 
existence of the tin-II in complex ions is indicated. 
Transference by tin-II is negative (Fig. 6). The 
activity coefficient levels off at very low values 
(Fig. 9). Theoretical values for specific conductance 
obtained by summing contributions by each com- 
ponent are much larger than the experimental, indi- 
cating heavy complex ions (Fig. 4). 

The existence of one fundamental species of par- 


-ticle in solutions in this concentration range is indi- 


cated by the nearly constant values for the ratios of 
a given property to the concentration of tin-IT ions, 
that is the contribution per mole of tin-II ion to a 
given property becomes constant or nearly so. This 
is ordinarily possible only if the ultimate particle 
of the substance in solution remains constant. The 
slight slope of some of the lines obtained on plotting 
these molar quantities vs. tin-II concentration may 
be explained by slight changes in ionization of the 
complex acids present, Plots of this type are shown 
for transference and activity in Fig. 7 and 9, re- 


1953 





spectively. Molar refraction becomes practic: 


¥ co) 
stant at a value of 24 in this concentration rang 
The ratio of specific viscosity to tin-IT concer rat;, 
is also practically constant. Equivalent conduct), 
(infinite dilution) as calculated using Onsager’s equ; 
tion, gives a straight line in this concentration rang 

Two sulfatostannite ions may be postulated 
[Sn(SO,).|" and [Sn(SO,);|*. Caleulation of freezing 
points, assuming the former, yields theoretical val. 
much below experimental. Only = by — ysi 
H,[Sn(SO,)3] and H.Sn{Sn(SO,);], and assuming 
high degree of ionization of these sulfatostannoy 
acids, can the experimentally determined freeziny 


points be accounted for. The high degree of ioniy: 
tion of sulfatostannous acid assumed in such caley 
lations is inconsistent with the experimentall 
determined values of hydrogen ion activity. Ap 
parently the measurement as made cannot be a try 
measure of the activity of hydrogen ion in thes 
relatively concentrated solutions. That a high degre 
of ionization is present is verified by the high value 
of surface tension in this concentration range. 

Miyamoto (4) made conductivity measurements 
on SnSO.-HSO, systems. He postulated th 
HSn(SO,). and H.Sn.(SO,);) systems as mos 
probable. 


Mole fractions other than 0.32. No thoroughgoing 


study of other mole fractions has been undertake 
However, a range of samples to give mole fracti 
values of 0.034, 0.056, 0.072, 0.129, 0.40, O44, a 
0.52 was prepared. As shown by Fig. 1, families | 
curves result. These curves arrange themselves 
the order of mole fraction of tin-II sulfate. For th 
high acid electrolytes there is better agreement 
many properties, e.g., transference by hydrogen io 
if the property is plotted vs. total sulfate concent: 
tion rather than tin-II concentration. 
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Electroplating on Titanium’ 


Wituiam H. CoLtner, Morris FEINLEIB, AND JoHN N. REDING 


Armour Research Foundation of Illinois Institute of Technology, Chicago, Illinois 


ABSTRACT 


A method for obtaining adherent electrodeposits on titanium is described. It consists 
in subjecting titanium to an anodic etch prior to plating, under controlled conditions. 
Bath composition and operating variables are discussed, and photomicrographs showing 
the mechanical nature of the bond are given. Conditions for electropolishing titanium 


are also reported 


INTRODUCTION 


Titanium has recently emerged from the class of 
sare metals, and is in the process of becoming an 
mportant structural material. Its outstanding prop- 
erties are a high strength-to-weight ratio and ex- 
ellent corrosion resistance to a great number of 
hemicals at room temperature. 

The need for electroplating on titanium may arise 
r several reasons, such as decorative plating, im- 
roved resistance to high-temperature gases, im- 
roved mechanical properties of the surface, or 
ining of titanium parts. 

litanium is an extremely active metal. Its high 
rrosion resistance is due to the fact that the metal 
ecomes covered with an impervious and tightly ad- 
erent oxide film. This film, however, makes it very 
ficult to obtain adherent electrodeposits on the 
metal. Conditions required to remove the oxide are 
sually so drastic that the metal reacts violently 

ce the surface film is dissolved; under such condi- 
ms it becomes very hard to apply a sound electro- 
ate, or even a strike, to the titanium. 

\ survey of the literature cast little light on the 
roblem, Some mention was made by Couch and 
Krenner (1) of obtaining adherent deposits on 
tanium using a dry lithium hydride, ethyl ether, 

However, this technique was considered im- 
ractical insofar as the present problem is concerned. 
Conventional methods for plating on common metals 
ere tried on titanium; these met with no success. 
‘uch methods include straight pickling in HF, 
ckel pickle’ (simultaneous cathodic pickling and 
kel deposition), or immersion plates (which yield 
herent electrodeposits on aluminum or mag- 

CSILM ). 
lt was apparent that the activity of the titanium 
lace Was so great in aqueous solutions that an 
de-free surface could not be maintained. In order 
Manuseript received November 5, 1952. This paper, 
prepared for delivery before the Montreal Meeting, 
tober 26 to 30, 1952 
Present address: Division of Metallurgical Research, 
ser Aluminum and Chemical Corporation, P.O. Box 
okane, Washington 


to reduce the reactivity of the titanium metal, yet 
maintain it oxide-free, nonaqueous solutions were 
investigated. 

Some plate adherence was achieved by subjecting 
the metal, prior to plating, to a cathodic treatment 
in a bath whose main constituent was ethylene glycol, 
and which also contained a zine salt, HF, and a small 
amount of water. This will be discussed below. 

The most successful approach to the problem of 
obtaining adherent electrodeposits on titanium was 
to subject the metal to an anodic etch prior to 
plating. This procedure is described in detail below. 


EXPERIMENTAL 


Raw material.—The bulk of the experiments were 
carried out with commercially pure titanium sheet.’ 
Several lots of RC-55 (Rem-Cru) and Ti75-A (Ti- 
tanium Metals Corporation), 0.025-0.065 in. thick, 
were used. A few tests were performed with RC-130 
B (Rem-Cru) alloy.’ 

Preparation before plating.—Titanium sheet speci- 
mens 2.5 in. x 1 in. were used. They were cathodi- 
cally cleaned (when required) in a solution of 20 g/] 
of sodium orthosilicate at 70°C, and rinsed. This 
was followed by pickling in a solution containing 
185 cc | of 48 per cent HF and 8.6 cc/! of 70 per 
cent HNO, until the specimen looked clean, and 
drying. The metal was next subjected to the anodic 
etching treatment. 

Plating.—After anodic etching, specimens were 
rinsed and then given a copper strike at room tem- 
perature, without stirring, in the following solution: 
CuCN, 23 g/l; NaCN, 34 2/1; NasCO;, 15 g/l. The 
current was first brought up to 50 amp/ft® 
(5.4 amp/dm?), then brought back to about 15 
amp ft® (1.62 amp/dm?) after a few seconds. Plating 
was continued for 3 to 5 minutes. 

The copper strike, after another rinse, was followed 


§RC-55: C—0.05-0.2%; O, N, Fe—few hundredths to 
few tenths % each; other elements—trace. 

Ti75-A (nominal): Fe—0.1%; N—0.02%; O—trace; C 
<0.04%; W—<0.08%. 

RC-130B (nominal): Mn—4%; Al-4%; O, N, Fe—same 
as RC-55 
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by a copper plate at room temperature, with stir- 
ring, from the following bath: 448 g/l Cu(BHy,). 
isp gr 1.36]; HBF, to pH 0.6. Plating was carried on 
at 50 amp/ft® (5.4 amp/dm*) for about 10 minutes in 
most cases (about 0.0005 in.). For heavy plates 
(about 0.005 in.), plating time was 40 minutes at 
100 amp/ft? (10.8 amp/dm’),. 

Testing —The mechanical properties of electro- 
plates were tested by scraping them with a knife. If 
no detachment could be observed, the specimen 
was clamped in a vise and bent by 
through a 180 
in the bent areas was then examined. 


hammering 
angle. The adherence of the plate 


In the later stages of the work, a more severe test 
was substituted for the bend test. One end of the 
specimen was again clamped in a vise, and then sub- 
jected to repeated flexing, using both a bending and 
a twisting motion. Again, the plate was examined 
for detachment. The bend and flex tests were na- 
turally most severe when performed on heavy 
electroplates. 

The final test of adherence was the solderability 
test (which was most severe on thin electroplates). 
This test consisted of soldering a copper strip onto 
the electrodeposit, then pulling off the strip. If the 
joint broke wholly in the solder, the specimen passed 
the test. In other cases, portions of the copper plate 
would be pulled off; the size of these areas was a 


measure of the quality of the plate. 
Tue Anopic Ercu 
Under proper conditions, anodic etching prior to 
plating yielded fully adherent copper electroplates 
(0.0005-—0.005 in. thick), which passed the bending, 
flexing, and solderability tests. Good results were 
obtained with commercially pure titanium as well 
as RC-130 B alloy. Etching was carried out in an 
essentially nonaqueous bath. 


Mechanism 


The anodic etch, under the right conditions, leads 
to a rough surface that provides mechanical keying 
of the electrodeposits. Fig. 1 to 3 clearly show the 
pockets and reentrant angles created by anodic etch- 
ing. The surface roughness of these specimens may be 
as high as 50 microinches root mean square. Plating 
on this rough surface takes place with good throwing 
power, and the pockets appear to be completely 
filled with the plated metal. At the same time, the 
electroplate surface becomes increasingly smooth as 
plating proceeds, until it is almost comparable to 
that of a metal electrodeposited on a smooth base. 
Even with 0.0005 in. of copper, a fairly smooth plate 
surface is obtainable. 

The mechanical nature of the bond is best illus- 
trated in Fig. 1 to 3. It is supported by the fact that 
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no substance other than titanium metal was f. 
the surface of anodically etched specim 
spectrographic and electron diffraction tec} 


ind on 
iS by 


ques, 


Fic. 1. Anodically etched titanium. X 500. Unetched 
(In the photomicrographs illustrating this paper, the ti 
tanium base metal is the phase in the lower portions. Th 
specimens shown in Fig. 1, 2, and 4 were plated with nickel 


for metallographic polishing purposes.) 


Fic. 2. 0.5-mil copper plate on anodiecally 
x 500. HxO + HeO. + NH,OH 


etched tit 
nium. 


Putun ae 


s? 


Ab pny 


Fic. 3. 5-mil copper plate on anodically etched titanium 
< 500. H.O + H.O. + NH,OH 


which means that no special chemical compound !s 
formed by this etching. Furthermore, the degree 0! 
roughness of the surface bears a definite relationship 
to the adherence of electrodeposits. Under proper 
conditions, many etching baths can be operated 5° 
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as to yield a very smooth, electropolished surface 
on titanium (Fig. 4); plates on such a smooth surface 
have never been adherent. With improper current 
distribution, etching can take place in low current 
density areas and polishing in high current density 
areas on (he same specimen; subsequent electroplating 
vields adherent deposits in the etched areas only. 


Anodizing Conditions 


When titanium is made anode in a bath in which 
it is reactive (e.g., a bath containing HF), several 
possible reactions may take place: 

|. The current may be insufficient to prevent 
local (chemical) action, with the evolution of hy- 
drogen. In extremely active baths, it may be alto- 
gether impossible to stop this local action at any 
reasonable current density. The type of surface ob- 
tained under such conditions varies from an even, 
clean, uniformly etched metal to a fairly smooth 





Fig. 4. Eleectropolished titanium. 500. Unetched 


grayish or blackish film. Such surfaces do not lead 
to adherent plates. 

2. In low activity baths, an anodic treatment may 
lead to the formation of an impervious oxide film, 
which is usually colored, the color depending upon 
the applied voltage. This is comparable to the anodiz- 
ing of aluminum. The passivated anode offers a high 
resistance to the passage of current, which drops to a 
low value. Again, the adherence of electrodeposits on 
such a base is very poor. 

3. It is in baths of intermediate activity that the 
anodizing of titanium yields the type of etched sur- 
lace desired for electroplating. In such a bath, if 
increasing current is applied (starting from zero), 
several effects may be observed. At first, the main 
result is a decrease in the local chemical action 
which takes place with displacement of hydrogen). 
Until local action has stopped completely, the weight 
of metal dissolved from the anode per unit time 
decreases, even though an increasing amount of 
anodic current is applied. When a certain value of 
‘urrent density has been reached, which varies with 


bath composition, temperature, etc., the local action 
is eliminated, and the anodic dissolution of titanium 
continues without gassing (see Fig. 5). Under such 
conditions, it is possible to obtain the type of etched 
surface desirable for electrode deposition, or, by vary- 
ing operation conditions, an electropolished surface 
(Fig. 4). The volume of the experimental baths was 
about 300 ec. During the course of experiments, the 
composition of the bath was altered slightly by 
evaporation and hydrogen evolution. As evidenced 
by the data in Fig. 5, the weight loss per unit time 
in the range of local action was highly sensitive to 
the changes in composition. Since the reproducibility 
in the range of local action was poor the curves 
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Fic. 5. Weight ioss of titanium during anodic treatment 
vs. current density. 


connecting the points in that range are merely con- 
jecture, and are drawn with broken lines. In general, 
with increasing use of the bath, the weight loss in 
the range of local action decreases. The only effect 
in the range of no local action with prolonged use of 
the bath is to decrease the severity of the etch. The 
apparent valence change of titanium during anodic 
dissolution was determined from weight loss measure- 
ment, on the assumption that the metal dissolves at 
100 per cent current efficiency (in the range of no 
local action). The values found were somewhat in 
excess of 3, and were slightly higher for electro- 
polishing than for etching. Such determinations are 
complicated by possible side reactions at the anode, 
such as the oxidation of Tit* and Ti*** compounds 
or of hydrogen bubbles. 
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Operating Variables 


A number of solutions with low water content 
were investigated. Best results were obtained with 
baths based on ethylene glycol and HF. A typical 
composition would be the following: 15 per cent by 
weight HF; 6 per cent H.O; 79 per cent ethylene 
glycol. Such a bath should be operated at 55°-60°C, 
at 50 amp/ft® (5.4 amp/dm?), or slightly less. The 
required etching time is 15 to 30 minutes. When 
applying current, it is recommended that it be 
brought up above the desired value (to help stop 
local action), then brought back to the operating 
level. Agitation or circulation of the solution is 
helpful, if not essential. Cathodes may be graphite, 
copper, nickel, or any other material which is not 
reactive in the bath. It is preferable to remove the 
specimen from the bath with the current on, to 
prevent local action; certainly the work should be 
withdrawn from the etching solution very rapidly 
after the current is turned off. 

As a general rule, etching conditions are favored 
by higher temperatures, higher HF content, and 
lower current densities. Each bath has a useful 
etching range of temperature and current density. 
The upper limit of the temperatures would be set by 
excessive local action, the lower limit by the transi- 
tion from etching to electropolishing. The lower 
limit of current density is again determined by the 
onset of local action (Fig. 5), and the upper limit by 
electropolishing. 

As mentioned before, elect rodeposits do not adhere 
to electropolished surfaces. It is readily seen that 
the control of current distribution is very important; 
if the current density is excessive on certain areas, 
they may become electropolished. Also, if the current 
density falls below a critical value at certain spots, 
they are no longer protected against local action, and 
the adherence of plates is poor at these points. 

The useful range of etching current densities is 
greater at higher temperatures, as well as at higher 
HF concentrations, as long as local action is pre- 
vented. 

Bath composition may influence not only the etch- 
ing range, but also the severeness of the etch. Thus, 
at increasing water content, the etch may become 
deeper, but the etching range is reduced in favor of 
local action, making control more difficult. 

It was found that these baths did not deteriorate 
on standing; however, some loss in activity was 
noted with use. Partial rejuvenation was obtained 
by small additions of HF. Extensive study of these 
factors was not undertaken. 

Fairly good results have been obtained from a 


wholly inorganic bath based on phosphoric acid: 
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53.9 per cent by weight H3PO,4; 12.5 per con HP How 
15.5 per cent NH,HF,; 18.1 per cent H,0. ') his pay 
is more active than the one based on ethylene gly,jim the ™* 


but more difficult to control. Its useful etching range 2 o sol 
was 35°-45°C, with current densities .{ 39,4 control 
amp/ft? (3.23-5.4 amp/dm*). This shows that jg density 
may be possible to use a number of different solutio,gam the bo" 
for the anodic etching of titanium and its aljpygm cal OP 
before plating. surface 
appear 

Electropolishing the et 

Electropolishing of titanium was a side prody Und 
of the research on anodic etching for plating. treatm 
A solution based on HF and ethylene glycol, yj surface 


slightly lower in HF than the etching solution, ma) 
be recommended for electropolishing, e.g., 6 pe 
cent by weight HF; 6 per cent H.O; 88 per coy 
ethylene glycol. This bath should be operated x 
room temperature or slightly above (up to 40° 
at current densities in excess of 50 amp ft? (54 
amp/dm*), and preferably around 75-100 amp { 
(8.1-10.8 amp/dm?). Better electropolishing solv. 
tions than the above can probably be compounded 
and the above composition is given mainly as 4 
guide. However, even from the above bath, ver 
smooth finishes (as low as 2.5 microinches rm: 
were obtained. 


Zine Strike 

Cathodic treatment of titanium in a bath 
sisting of ethylene glycol, HF, a small amount 
water, and a zinc salt showed that, on applicatio 
current, zinc deposited on the cathode at first, | 
soon redissolved even though no interruptio: 
current occurred. If the specimen was removed |» 
fore the redissolution of the zinc, the deposit cou 
easily be scraped off. During and after dissolut 
of the zinc, a black film formed on the titan 
surface. Deposition of copper on this black film ga 
adherent coatings. The electrodeposits adhered | 
the extent of passing the bend test when the deposits 
were 0.5 mil in thickness. These deposits did not pa» 
the solderability test and heavier deposits, 3.0 mis 
to 5.0 mils in thickness, would not pass the by 
test. The conditions required for formation of 
black film differed greatly between the lots of co! 
mercially pure grades of titanium and titanium a 
used. Because of the difficulty of control and the 
inability to obtain satisfactory adherence, this 
proach was discarded. 


SUMMARY AND CONCLUSIONS 


Conventional methods used to obtain adhere! 
electrodeposits on other metal fail in the case 
titanium. 


gsi Vol. 100. No. 11 

HE However, fully adherent copper elect roplates (up 
bari to 0.005 In. thick) on titanium are obtained when 
veo the mé rial is anodically etched, prior to plating, 
anol in a solution based on HF and ethylene glycol, under 
0-34 eontrolled conditions of temperature and current 
t a density Metallographic examination indicates that 


the bond between plate and basis metal is a mechani- 
Ho 4] one, due to interlocking between the etched 
srface of the titanium and the plated metal which 
ippears to “throw” well into the cavities created by 


the etcn. 

ed Under different operating conditions, an anodic 
treatment of titanium will yield an electropolished 

dam surface, Which is not good for adherent plating. 

m 
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An X-Ray Study of the Effect of Organic Compounds on ihe 


Crystal Growth of Nickel during Electrodeposition’ 


Francis DENISE AND HENRY LEIDHEISER, JR. 


Virginia Institute for Scientific Research, Richmond, Virginia 


ABSTRACT 


X-ray diffraction analyses were made of nickel electrodeposits prepared in the pres- 
ence of organic compounds. The compounds varied in their ability to alter the grain 
size and the degree and/or type of preferred orientation. Compounds most effective in 
| increasing the cathode potential during deposition both decreased the grain size and 
changed the type of preferred orientation to a type other than (100) or to a random dis- 
| : tribution of the crystals. Compounds of lesser effectiveness in increasing the cathode 
potential reduced the grain size, but had no effect on the preferred orientation. Brittle 
deposits were characterized by an orientation other than (100), and the ductile deposits 
were characterized by a (100) preferred orientation. The results of this study and the 
| work of other authors indicate that a major fraction of mirror-bright nickel electro- 
plates exhibit no preferred orientation. 




















. INTRODUCTION tion observed in the nickel electroplate resulted solel; 
, A comprehensive study of the interaction of or- from the deposition, and not from a continuation oj 
ganic compounds with a nickel surface during elec- preferred orientation of the ie substrate. 

i trodeposition is being carried out. As part of this X-ray analyses were made with copper radiation 
study, x-ray diffraction analyses have been made of at a specimen-film distance of 3.0 em. No filter was 
deposits prepared in the presence of 29 different “ge 7 ee 
organic compounds in order to determine the effects majority of the beta radiation. The x-ray beam was 
directed tangentially to the surface of the deposit 
The sphere was inserted in a special holder and its 
EXPERIMENTAL position was adjusted so that, when viewed with a 


used since the nickel deposit served to filter out the 


of these compounds on crystal growth. 


slescope, exactly one-half of the x-ray beam inter- 
All plating experiments were carried out in a telescope, exactly one-half of the x-ray ; 






















bath commonly referred to as the Watts bath, with sected the surface of the enero Phis method - 
the following composition: NiSO,-6H,O 240 g/1, adopted because it was possible to obtain x-Tay 
NiCl,-6H,O 45 g/l, and H;BO, 30 g/l. A large stock information about the deposit without stripping it 
solution was prepared and was purified in the con- from the base metal or without special sectioning 
ventional manner by treatment with NiCO;, H.O., techniques. The type of preferred orientation was 


, oun 4 . ste ; > iTrec r ry ‘AS " > le het wee! 
and activated carbon. The pH was adjusted in all determined directly by measuring the ang : 


. . qa © > cente he intense arcs e rings and the 
experiments to 4.0 with HCl. The exact plating the commer of the seein ~ — o~ , 
aa @ . . . . ° > ra ve . i ‘ ( 4 “ re oO » { es eT weet 
conditions used in the individual experiments will be bi rtical plane. A kn “ —— . « niin “pia 
: > Vi : crysté anes a face-centered cubi 
* described later. the various crystal planes in a face-center l 


. The cathode consisted of a polycrystalline sphere reatmpeys entities one to identify immediately the 
‘ of copper, °¢ in. in diameter, with a small shaft for type OF orientation. ified by tl 

° rT. P 3 Thea ai ~~ 4 > . . "As , > y the 
*. handling. The cathode was used in the spherical The grain size of the deposit was typified b; 


terms large or small. Large grains were considered 
to be those having a mean diameter larger than 
10? mm. Such grains yield spotty diffraction rings 
Small grains were considered to be those having 4 
mean diameter in the range 10-2 to 10-* mm. With! 


form because of the ability to secure uniform current 
density distribution over the surface, and because of 
the ease in making x-ray analysis. The cathode was 
electrolytically polished in 42.5 per cent by volume 
phosphoric acid before insertion in the plating bath. 


The anode consisted of a cylindrical nickel sheet this range, the diffraction rings are sharp and cor 
resting on the periphery of a 400-ml beaker used as tinuous. Grains smaller than 10-* mm yield diffuse 
the plating cell. X-ray analysis indicated that the diffraction rings, and the breadth of the rings cat 
polycrystalline copper cathodes themselves exhibited be used in the’determination of the grain size. How 
no preferred orientation. Thus, any preferred orienta- ever, in the 10°°%- to 10-‘-mm range, the \-1ay 


Hae | RS method is not sensitive to differences in grain siz 
‘Manuscript received January 3, 1953. This research All d ‘ ‘ned in thi an hel ng larger 
was sponsored by the Harshaw Chemical Company, Cleve- All deposits examined in this study had grain : 


land, Ohio. than about 10-* mm. 
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RESULTS number of organic compounds added singly to the 


' , x Watts bath. A few preliminary experiments were 
The nickel deposit formed in an unadulterated? 


Watts bath at current densities in excess of 1 
amp/dm* and at temperatures of 20°-70°C exhibited 
grain size larger than 10°? mm and moderately 
«rong (100) preferred orientation. At current densi- 
ties below 1 amp/dm?®, either no preferred orientation 
or a (110) orientation was detected. The typical 
diffraction pattern obtained at current densities 
above | amp/dm? is given in Fig. 1. The diffraction 
rings consist of well-defined spots, indicating a grain 
ye larger than 10-? mm; intensity maxima occur 
55° from the vertical on the (111) ring and at the . , , , 
sii positon on tho 200) ing. (100) prefered, PG; 1 Xray deton photograph of nikal dena 
rings indicates a grain size larger than 10-2 mm; moderate 
(100) preferred orientation. 





onientation is thus indicated. Similar results were 
btained many times over a period of several years 


TABLE I. The effect of 29 organic compounds on the appearance, ductility, grain size, and preferred orientation in 


nickel electrode posits 





Organic compound — 1 a oe Ductility pe na Preferredt orientation 
Vone Grainy, matte Ductile Large mod (100) 

\minophenol ee 0.0025 Semibright Brittle Small mod (211) 

\{minosulfonie acid 0.004 Semibright Ductile Small sl (100 hed 
(niling 0.001 Dull, gray Brittle Small Random a 
fonzaldehyde 0.002 Grainy, matte Brittle Large Random 
Benzaldehyde m-sulfonate (Ni salt) 0.008 Very bright Brittle Small — sl (100) - 

tenzenedisulfonic acid (Ni salt) 0.016 Bright Ductile Small s (100) x= 
Benzoie acid 0.0025 Matte Ductile Small mod (100) an 
Benzonitrile 0.0005 Semibright Brittle Small © sl (311) — 
nolamine 0.01 Grainy, matte Ductile Large mod (100) 5 
thanol 0.01 Grainy, matte Ductile Large mod (100) — 
Ethvlamine 0.01 Matte Ductile Large mod (100) = 
thyleneevanohydrin 0.0012 Bright Brittle Small Random 
ithvlenediamine 0.002 Matte, gray Brittle Small Random ~ 
Naphthalene-2,7-disulfonate (Na) 0.008 Bright with haze Ductile Small — s (100) 2 
Naphthalene-1,3,6-trisulfonate (Na) 0.01 Bright with haze Ductile Small s (100) + 
|-Napthylamine-4,8-disulfonie acid 0.0002 Bright one side Brittle Small Random - 

Matte other side ) 
\itrobenzene 0.001 Matte, gray Brittle Small Random a 
Phenol 0.01 Grainy, matte Ductile Large mod (211) g 
p-Phenolsulfonie acid 0.01 Grainy, matte Ductile Large (100) ung 
Piperidine 0.01 Matte Ductile Large mod (100) = 
Propionitrile 0.0038 Matte Brittle Large — sl (211) — 
Pyridine 0.001 Matte, white haze Brittle Small Random 2 
Quinaldine ethiodide 0.0005 Semibright Brittle Small sl (210 
Quinoline ethiodide 0.001 Bright Brittle Small mod (211 
Saccharin 0.0007 Semibright Ductile Small — s (100) 
Succinonitrile 0.0005 Bright Brittle Small (221) and (310) 
Thianaphthene dioxide 0.0002 Bright, hazy Ductile Small = s (100) 
lhiourea 0.003 Bright Brittle Small — sl (100) 
-Toluenesulfonamide 0.001 Bright, hazy Ductile Small = s (100) 
Large refers to grains larger than 10-2 mm, and small to grains less than 10-? mm 
| S!—slight, mod—moderate, s—strong, random—no detectable preferred orientation. 
i baths prepared from different batches of nickel carried out in order to choose a set of experimental 
sulfaie, nickel chloride, and boric acid. conditions for the plating operation, and it was 
lt was next of interest to determine the effect of a found that the results were essentially independent of 
ea oe re current density between 2 and 10 amp/dm?. Further 
whic 


rganie compounds have been added. experiments were then carried out under the follow- 
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ing conditions: 6 amp/dm*, 60°C, pH of 4.0, stirring 
by a 2-blade propeller rotating at 300 rpm. The 
concentration of addition agent used was deter- 
mined, in part, by the maximum concentration 
which did not cause the deposit to crack or to peel. 
The cathode potential results (1) were of great as- 
sistance In choosing a representative concentration. 

The results of this study are summarized in Table 
Il. In a few cases, several different concentrations of 
the agent were used with identical results, but, for 


brevity, only a single concentration is listed in the 


X-ray diffraction photograph of nickel deposit 
formed in presence of 0.002 mole/| of ethvlenediamine. No 


detectable preferred orientation 


Fic. 3. X-ray diffraction photograph of nickel deposit 
formed in presence of 0.0007 mole/| of saccharin. Grain size 


less than 10°? mm; strong (100) preferred orientation 


table. The appearance of the deposit was noted and 
described by the terms grainy, matte, dull, semi- 
bright, bright with haze, or bright. A very qualitative 
measure of the ductility of the deposit was made by 
holding the deposit on the supporting wire up to the 
ear, bending the wire through an angle of 45°, and 
listening for a cracking sound. If cracking was heard. 
the deposit was termed brittle; if none was heard, 
the deposit was termed ductile. No attempt was 
made to grade the deposits in degree of ductility. The 
type of preferred orientation is given in the sixth 
column along with a qualifying phrase such as strong, 
moderate, or slight. The term “random” is used in 


cases where the rings appeared of uniform intensity 


Novem 195 lol 


to the naked eye over the entire arc. Several! in sh 
diffraction patterns are given in Fig. 2-5. and 1 
During this study, approximately 200 nickel ele Many 
trodeposits were examined by x-ray diffraction. Sip, I exam 
these deposits were prepared over a period of sever, In 
years, all the deposits could not be examined \ 


follow 


Ssually 
at the same time. However, in several cases. lots, mercla 
about 20 specimens were examined within a shop Mg formu! 
period, and the surface appearance could be com the ma 
pared immediately with the x-ray diffraction photo. Hj clect’ 
graph. The generalization soon emerged that thep and at 
bright 
baths, 
pits ol 
letect 
exhib 
{ the 
results 
that a 


plates 


Fic. 4. X-ray diffraction photograph of nickel depos 
formed in the presence of 0.008 mole/| of propionitrile 
Grain size larger than 10°? mm: slight (211) orientatior 


single 
KNOW! 
lorma 
to the 
f the 
s obs 
ind, 


Impul 


Fic. 5. X-ray diffraction photograph of nickel depos 
formed in the presence of 0.008 mole/l of nickel benzald 
hyde m-sulfonate. Grain size less than 10°? mm; 
(100) orientation 


was no direct relationship between the degree or typ 
of preferred orientation and the brightness of th 
surface. Both matte and bright deposits were noted 
with strong, preferred orientations and with complet 
absence of any detectable orientation. A survey) 
Table I shows the lack of correlation between bright ro 
resi 
Watt 


; ; 


ness, and degree and type of preferred orientatio 
These results are in accord with those obtained ! 
Clark and Simonsen (2) and by Smith, Keeler, an¢ 
Read (3). On the other hand, approximately 50 pe! 
cent of the mirror-bright deposits exhibited no d 
tectable preferred orientation when examined )) 
x-ray diffraction. A mirror-bright deposit is co! 
sidered to be one which shows no visible imperfectio 



































) shin/ness When examined in a well-lighted room 
and in (he direct beam of a flashlight in a dark room. 
\lany bright deposits exhibit a strong haze when 
oyamined carefully in a dark room. 

In order to test the foregoing conclusion, the 
following experiments were performed. Nine com- 
mercial, bright plating baths were obtained and were 
formulated according to the directions furnished by 
the manufacturer. Nickel was electrodeposited on the 
electrolytically polished copper spheres at 50°-60°C 
and at current densities of 2 and 6 amp/dm*. Mirror- 
bright deposits were obtained from each of the nine 
baths, although three of the deposits contained many 
yits on the surface. Four of the deposits exhibited no 
jetectable preferred orientation, two of the deposits 
exhibited very slight preferred orientation, and two 
{ the deposits exhibited slight orientation. These 
results furnish additional support for the conclusion 
that a large number of mirror-bright nickel electro- 
plates show no preferred orientation. 


DISCUSSION 


In the absence of organic additives and under the 
onditions used in this study, the Watts bath yielded 
deposit with a (100) preferred orientation. A similar 
rientation has been reported by other workers (4). 
lt is known that, when nickel is electroplated from 
the same bath on electrolytically polished single 
rystals of copper and nickel, the deposit occurs as a 
single erystal on the (100) faces (5). For some un- 
known reason, the Watts solution promotes the 
formation of a deposit with the (100) planes parallel 
to the substrate. This behavior is not characteristic 
of the nickel deposit alone, since a (211) orientation 
s observed in the all-chloride bath of Wesley (6), 
id, as shown in this study, small amounts of organic 
impurities can change the type of preferred orienta- 
tion completely. An understanding of the driving 
loree for the (100) type of preferred orientation in 
the Watts bath is an intriguing problem. 

Twenty-three of the 29 organic compounds tested 
had an effect on the crystal growth of the deposit as 

idenced by their ability to reduce the grain size 
or change the type and /or degree of preferred orien- 
lation, as compared to the deposit obtained in the 
inadulterated Watts bath. These compounds are 
lassed in groups 2-5 given below. Five of the com- 
pounds yielded deposits which were similar in all 
respects to the deposits obtained in the unadulterated 
Watts bath. These five compounds thus had no 
lect on the erystal growth of the deposit and are 

lassed In group 1. 

Group 1. The presence of the organic compound 
resulted in the formation of a deposit with a grain 
‘we larger than 10°? mm and with moderate to 
‘trong 100) preferred orientation. 
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Group 2. The presence of the organic compound 
resulted in the formation of a deposit with a grain 
size larger than 10-* mm and with a preferred orienta- 
tion other than (100). 

Group 3. The presence of the organic compound 
resulted in the formation of a deposit with a grain 
size smaller than 10-? mm and with moderate to 
strong (100) preferred orientation. 

Group 4. The presence of the organic compound 
resulted in the formation of a deposit with a grain 
size smaller than 10-? mm and with only a slight 
(100) preferred orientation. 

Group 5. The presence of the organic compound 
resulted in the formation of a deposit with a grain 
size smaller than 10°? mm and with a preferred 
orientation other than (100), or with no detectable 
preferred orientation. 

The compounds falling in each of these five groups 
are listed in Table II. 

An excellent correlation exists between the effects 
of the addition agents on crystal growth and the 
effects of the same compounds on the cathode po- 
tential (1). The following discussion is given in rela- 
tion to results reported in Reference (1). 

The compounds which were ineffective in changing 
the grain size or preferred orientation in the deposit 
(group 1) had a negligible effect on the cathode po- 
tential, whereas the compounds which both decreased 
the grain size and changed the type or degree of 
preferred orientation (groups 4 and 5) had a moder- 
ate to great effect on the cathode potential. The 
compounds which were only effective in decreasing 
the grain size and did not change the type or degree 
of (100) preferred orientation (group 3) had a small 
to moderate effect on the cathode potential, and 
vielded cathode potential curves which leveled off 
with further increases in concentration of the organic 
compound. Two of the compounds classed in group 2 
(benzaldehyde and _ propionitrile) increased the 
cathode potential greatly, whereas phenol had a 
negligible effect on the cathode potential. The group- 
ing of the compounds in relation to their effect on 
the cathode potential is given in Fig. 6 for conveni- 
ence in a different form than given in Reference (1). 

It appears from this correlation that the com- 
pounds which interfere only moderately with the 
deposition of nickel, as evidenced by a small to 
moderate effect on the cathode potential, are capable 
of reducing the grain size greatly, but are ineffective 
in changing the type of preferred orientation. Com- 
pounds which interfere to a great extent with the 
deposition of nickel are capable of both decreasing the 
grain size and changing the type of preferred orienta- 
tion. 

The compounds classed in group 3 are charac- 
terized by either acidic groups, such as the sulfonate 
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or carboxyl, or by groups which are neither strongly size did not necessarily confer brittleness. Dyctij, 





acidic nor strongly basic, such as the sulfone and and brittle deposits were both observed wit!) graj 
sulfonamide groups. The compounds classed in sizes smaller and larger than 10-? mm. 


| groups 4 and 5 are characterized by the presence of The primary interest of this study was to deter. 
basic groups, such as nitrogen in conjugated ring, mine the effect of individual organic compounds oy, 


TABLE II. The grouping of organic compounds according to their effects on the grain size and orientation of th: 
deposit 





Group |. Large grain size, (100) preferred orientation 

Ethanol Piperidine 

| Ethanolamine p-Phenolsulfonie acid 
Ethylamine 

| Group 2. Large grain size, orientation other than (100) 


Benzaldehyde 
Phenol 


| Propionitrile 


Group 3. Small grain size, strong (100) orientation 


m-Benzenedisulfonie acid (Ni salt) Saccharin 
Benzoic acid Thianaphthene dioxide 
Naphthalene-2,7-disulfonate (Na salt) p-Toluenesulfonamide 


Naphthalene-1,3,6-trisulfonate (Na salt) 


Group 4. Small grain size, slight (100) orientation 
p-Aminosulfonie acid 
Benzaldehyde m-sulfonate (Ni salt) 
Thiourea 


eae ea 


Group 5. Small grain size, random or orientation other than (100) 


m-Aminophenol Nitrobenzene 
Aniline Pyridine 

Benzonitrile Quinaldine ethiodide 
Ethylenecvanohydrin Quinoline ethiodide 
Ethylenediamine Succinonitrile 


1-Napthylamine-4,8-disulfonic acid 






















nitrile, and amine. The similarity of results ob- 

tained with aniline and nitrobenzene in the cathode / 

potential and x-ray diffraction experiments suggests ¥ 
strongly that the nitro group is reduced under the | | 
conditions used. The greater effectiveness of the basic 3 20UPS 4 AND $ 

groups in interfering with crystal growth is not un- : 

expected, since these compounds would presumably < 

be attracted to the cathode by virtue of their positive y30—} ail 

charge in solution. z 

Fifteen of the 30 deposits recorded in Table | Z20-+ 20UP 3 

were graded brittle and 15 were graded ductile. In © 

the case of the brittle deposits, 13 exhibited no pre- 1 

ferred orientation or a preferred orientation other LL |_| 7 1 a 

than (100), and two exhibited slight (100) preferred SPO ES 

orientation. In the case of the ductile deposits, 14 


Fic. 6. Correlation of the effects of organic compounds 


exhibited (100) preferred orientation and only one on the cathode potential at 1 amp/dm? with their effects 






exhibited another type. It appears that the com- on crystal growth (see Table IT). 

pounds which were sufficiently active at the surface 

to change the type of preferred orientation also had the crystal growth of nickel during electrodepos 

a great tendency to impart brittleness to the de- tion. The results, however, are also of value in a& 

posit. sessing any relation between preferred orientatio 
' No correlation between brittleness and grain size and brightness. Results with over 200 electrodepos''s 

was detected. A large grain size did not necessarily indicated conclusively that there is no correlatio! 


confer ductility to the deposit, and a small grain between preferred orientation and brightness. [How- 
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over, it was noted that a high fraction (roughly 50% 
y this study) of the mirror-bright deposits exhibited 
yo detectable preferred orientation. Clark and Si- 
monsen (2) made a similar observation, but they 
did not stress the fact. These workers examined 86 
ickel deposits, of which 15 were bright. Eleven 

73%) of these 15 bright deposits had, in their words, 
“s random distribution of crystals.’’ The results of 
Smith, Keeler, and Read (3) are more difficult to 
evaluate on this basis because they compared the 
ine intensities obtained by back reflection in order 
) detect orientation. These workers examined 33 
nickel deposits prepared in the presence of various 
organic agents, of which eight deposits were consid- 
ered bright by visual examination. Six of these de- 
posits yielded line intensity ratios the same or only 
Jightly different from that obtained from a recrys- 
tallized nickel sheet, which presumably exhibited no 
preferred orientation. Only two of the deposits ex- 
hibited line intensity ratios greatly different from 
the nickel sheet. It is thus concluded that six (75 %) 
of the eight bright deposits studied by Smith, Kee- 
er, and Read showed no preferred orientation. 

Even though it appears true that a high fraction 
of bright nickel plates exhibit no preferred orienta- 
tion, it is also true that the absence of preferred 
rientation does not necessarily lead to a bright 
plate. Many of the dullest plates observed in this 
study also showed no detectable preferred orienta- 
on. The results with 1-naphthylamine-t ,8-disul- 
fonic acid afford an excellent example. The speci- 
men was bright on one side and matte on the other, 
et the x-ray diffraction photographs in both areas 
ere identical: neither area exhibited preferred orien- 
tation and both areas had grain sizes between 10-? 
and 10-* mm, 

The great majority of bright nickel electroplates 
iormed in the presence of organic compounds have 
a small grain size, as pointed out by Zentner, Bren- 
ner, and Jennings (7). However, a small grain size 
does not necessarily lead to a bright deposit, as 
shown by Clark and Simonsen (2). 





















ORGANIC COMPOUNDS IN CRYSTAL GROWTH OF Ni 495 


It is interesting to note that bright nickel plates 
can be obtained with no detectable preferred orien- 
tation and a small grain size, as well as with complete 
orientation and a very large grain size (single crys- 
tal), as is the case when deposition is carried out on 
the (100) face of copper or nickel single crystals (5). 
Bright plates can thus be obtained at both ends of a 
scale of grain size and orientation. 

The lack of any preferred orientation in a high 
fraction of mirror-bright deposits indicates that one 
function of an addition agent is to minimize the 
differences between crystal faces at the surface. It 
appears that crystal growth is no longer controlled 
during bright plating by the nickel surface but by a 
film adjacent to the surface, since it is known from 
studies carried out by Gwathmey and coworkers at 
the University of Virginia and studies carried out in 
this laboratory that, when the rate of reaction is 
controlled by the surface, the reaction occurs at dif- 
ferent rates on the various crystal faces. 
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ABSTRACT = 
Pure 
With increasing concentrations of Cu and Al in H,S-fired Zn(Al)S:Cu phosphors, the ve a 
| emission spectrum is shifted from green to orange under 3650 A excitation, The emission The in 
| of these triple sulfides consists of three sub-bands of such relative intensities that the 
presence of a single band is simulated. The bands have different temperature, decay, and sulted 
| excitation characteristics. Among other substituents, the elements Sc, Ce. Pr. and Nd SHOU A 
are of interest, as they produce infrared stimulability even with high activator con oncent 
centrations. hands, | 
When fired in H,S with oxide additions, the phosphors with Al emit only green light es 
and become strongly electroluminescent. The green emission persists at all frequencies 
from 60 to 15000 eps. Phosphors prepared with 0.1 to 0.4 per cent Cu and with 0.25 to ted a 
2.5 moles Al/mole Cu are nearly equally bright. The mole ratio Cu: Al in the brightest quid 1 
NaCN-washed phosphors is near 1:1 
\ The results lend strong support to Kroeger’s theory of charge compensation. The 
; complexity of the emission spectra leads to the conclusion that several species of Cu 
: atoms must be present in the phosphors. The electroluminescent response is attributed 
- to oxide barriers in, or on, the phosphors. 
INTRODUCTION This, in turn, may be related to the fact that : 
According to Kroeger and Dikhoff (1), blue and previously studied phosphor ee aa ' 
green emitting Zns :( ‘u phosphors of high brightness been found ‘0 be _ effective activator when prent 5 
are obtained when trivalent cations such as Al are in concentrations as high as 0.5 per cent Cu or mo 
introduced into the phosphor in place of monovalent CHARACTERISTICS OF Puospuors Firep 1n P1 
halide ions. These results hav> been interpreted with HS 
the principle of charge compensation. Assuming that . Pre 
copper is monovalent, the incorporation of Cu into Experimental tee 
the ZnS lattice should be facilitated if pairs of mono- The phosphors were prepared and fired in ¢! 
valent copper and trivalent aluminum ions are intro- manner described in a previous paper (3). Copp: 
duced rather than copper alone, to replace pairs of and the trivalent elements were introduced in fon vs 
divalent zine ions at lattice sites of several salts such as chlorides, nitrates, sulfates ae: 
Kroeger and Dikhoff’s results are reported for etc., with equally consistent results. Most of t! a ey 
( copper concentrations from zero up to 10~-* gram phosphors were fired at 1100°C for 15 to 1 how pet, 
a atoms Cu per mole ZnS, or about 0.0065 per cent Cu Minor changes in the firing temperature did no —s) 
. in the phosphor. Their results are readily reproduced produce characteristic changes in phosphor emis itm 
; with these and the lower concentrations of Cu and sion. When fired at 1000°C, the brightness ww aes 
~. Al. An extension of this work to much higher Cu and generally lower; when fired at 1200°C, the phosphor rial 
Al contents, however, has disclosed the existence were coarser compared with the 1100°C materials 0 ” 
of a new phosphor system with emissions extending The presence of small amounts of air or gaseow a 2 
into the orange. Already summarized briefly (2), oxides in the firing atmosphere caused relativ ate 
the results are reported below in greater detail. They minor changes in emission characteristics in son nes 
lend even stronger support to the contention that cases, and very striking changes in other cas 4 | 
true triple sulfides are formed on the basis of the notably those involving aluminum as the substituen - ’ 
principle of charge compensation. However, inter- For this reason, the phosphors prepared in pure Hl a 
pretation is rendered more difficult due to the com- are considered separately from the phosphors fired a 
plexity of the observed emission spectra and to the in the presence of oxide additions. The phosphor \ 4 
dual role of activator and of base modifier which with aluminum have so far been given more detail ~ 
copper is now found to assume in the phosphors. consideration. Most of the emphasis in this repo qT 
Manuscript received January 20, 1953. This paper was Is, therefore, on materials with aluminas — a 
prepared for delivery before the New York Meeting, April The emission curves were obtained with a recor cer 






12 to 16, 1958 ing spectroradiometer. In order to emphasize re: 
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sve changes more clearly, all emission curves have latter had to be calcined at 700°C in order to give 
heen normalized at the peak positions. Unless other- the x-ray diffraction pattern of AloO;. The formation 
vise noted, all activator concentrations refer to the of Al.S; took place only when the aluminum com- 
smounts of Cu and Al, ete., in per cent by weight pounds were in contact with ZnS; pure Al.Os;, fired 
bs Zus, that were introduced in the raw batch mix- in H.S at 1200°C, was not converted into AlLSs. 
wre. The excitation source was a BH4 lamp. The phosphors did not hydrolyze with water to 


give HS, and the washed materials retained their 


Zn(Al)S Phosphors : ‘ sie ager 
Zn(Al)5 Phosphors luminescence unimpaired. This is taken as indirect 





Pure precipitated ZnS, fired in pure H.S, did not evidence that a solid solution was formed. X-ray 
vive a fluorescent response with optical excitation. diffraction work is in progress to determine the phase 
fhe introduction of aluminum into pure ZnS re- relationships. 
silted in a weak to medium-bright emission with The optical excitation of the phosphors was due to 
450 A excitation. This is shown in Fig. | for two a weak absorption band in the near u.v. at about 
oncentrations of Al. Of the two fairly well resolved 3800 A. As shown in Fig. 2, this band became slightly 
uds, the greener one at about 5000 A became more stronger with increasing Al concentration. The phos- 
prominent at the higher Al concentration when ex- phors did not respond to infrared stimulation or to 
ted at room temperature. At the temperature of electroluminescent excitation. Under cathode ray ex- 
uid nitrogen, the samples with Al showed only a citation, the same blue and green emission bands 
So 4 saa /i7at 
, | if | 
6 | a 
oo d j 
| a, 
| / 
_ / . ~ 
# 4 
: | ‘ -— 
| 
\ a Poy - 
" . | a 2 r ~ 
z } = 
= | _—— Cc 
ee. “aes panipeenionignepenpemynagengety 5 
‘ aoc 600 a 2000 30 4000 5000 A ~ 
. . - ’ . r _— 
Fic. 1. Emission of H.S-fired Zn(Al)S phosphors. Curve Fic. 2. Reflection spectra of H»S-fired ZnS phosphors ~ 
29, Al; curve B 7% Al with 3650 A excitation; oa 
. he 
( 7% Al with cathode ray excitation ~ 


were obtained as with u.v. excitation, but in different 
relative, and very low absolute intensities. The blue 
band was the stronger of the two with both Al 
concentrations. 


>) 


nt to weak blue emission in the 4500 A band. At 
om temperature, the sample with low Al content 


give a fairly long lasting green phosphorescence, 


™ 

hile the sample with the higher Al concentration Zn(Al)S:Cu Phosphors J 

had & very short decay. : , , ‘ 

It is not clear whether the emission is due to zine In order to study the combinations of Cu and Al 4 

: — , . r ‘ “~~ . . = 

rtoaluminum atoms or ions in the Zn(ALD)S base ma- in ZnS, several different series of phosphors were = 

terial.” As is well known from the system SrS—Ce.S; prepared. For each concentration of Cu several con- ~ 

wlid solutions of trivalent allies in divalent sul- centrations of Al were used, representing deficiencies, 3 
fides are capable of existence up to certain molar equal amounts, and amounts in excess over the 
proportions, and without formation of thio-spinells. molar equivalents of Cu. The changes In emission 
This appears to be the case also with ZnS—ALQSs. that resulted from these substitutions are surveyed 

\imost all of the Al.O, that was formed or introduced a the curves of Fig. $ wobeacs' 9a ann 

the raw material mix appears to have been con- With copper concentrations up to about 0.05 per 
erted into AI.S during the firing The phosphor cent, all emissions at room temperature were sub- 
th 0.3 per cent Al was almost completely soluble stantially green, regardless of the amounts of Al 
dilute HCl, while the material with 1 7 per cent introduced. This is shown by curves A, B, and C in 
\ left only a small amount of insoluble residue. The Fig. 3. Curves B and C are identical despite a ten- 


fold increase in Al content. They are slightly dis- 
placed compared with curve A due to a tenfold in- 
crease in the Cu activator content and the resulting 


ibbreviated notation used for these zinc-aluminum 
osphors was chosen to suggest that the exact man 
rin which Al is incorporated in the ZnS matrix is still . ‘ bre 

and that Al probably acts chiefly as a base modi suppression of the blue emission. At low Cu concen- 
cially in the system with additional copper trations, therefore, Al is not a very effective modifier 








ee 
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of the emission spectrum. At the lowest Cu concen- 
tration, curve A, the usual blue band appears in- 
dividually and in low intensity. 

With increasing concentration of Cu, the blue 
band disappeared and the peak of emission shifted 
further toward longer wave lengths. At 0.3 per cent 
Cu the shift became still stronger and the effect of 
Al became more characteristic. Thus, curve F for 
0.3 per cent Cu and 0.069 per cent Al (mole ratio 
1:0.54) peaks at 5400 A, curve F for 0.32 per cent 
Al (mole ratio 1:2.5) peaks at 5550 A. and curve G 
for 0.69 per cent Al (mole ratio 1:5.4) peaks at 5740 
A in the yellow. Simultaneously the curves broaden 
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Fiag.3. Emission of H.S-fired Zn(Al1)S:Cu phosphors with 
3650 A excitation 


Curve % Cu Al a : 
A 0.005 0.0114 5.4 
B 0.05 0.069 3.2 
c 0.05 0.69 32.0 
D 0.1 0.23 5.4 
E 0.3 0.069 0.54 
F 0.3 0.32 2.5 
G 0.3 0.69 5.4 
H 0.6 1.37 5.4 


to a considerable extent, such that the half width of 
curve G is about 40 per cent greater than that of 
curve A. Curve H shows the emission spectrum of a 
phosphor with 0.6 per cent Cu and 1.37 per cent Al 
(mole ratio 1:5.4) which peaks at 5900 A. With still 
higher Cu contents, the emission spectrum did not 
appear to deepen further appreciably, and the in- 
tensity of emission became too low for the spectrum 
to be recorded. Phosphors made with | per cent Cu 
or more (and corresponding amounts of Al) did not 
fluoresce at room temperature. They fluoresced only 
at low temperatures with u.v. excitation, and were 
olive colored in daylight. 

Those phosphors which were prepared with molar 
deficiencies of Al compared with Cu contained excess 
free copper sulfide, which was readily removed by 
means of NaCN. The phosphors with molar equiva- 
lents or excess of Al over Cu did not contain any 





November jg: 


appreciable amounts of free copper sulfide. Likewiy 
they did not contain any free AlS; as they were * 
decomposed by water or weak acetic acid. Howey». 
they contained some Al,O; which separated out why 
the phosphors were dissolved in dilute HC\. 

While the amount of acid-insoluble Al.O, i: Ceased 
with increasing molar excess of Al over Cy. thy 
amount of readily soluble Al was much higher thy 
the actual Cu equivalent. For example, three pho, 
phors, prepared with 0.3 per cent Cu and with 29 
5.4, and 21.6 moles added Al per mole added (\y 
gave 2.1, 3.9, and 15.8 moles soluble Al per mole (\ 
as found by analysis for acid-insoluble Al.O,. Thy 
the amount of soluble Al increased in both relatiy 
and absolute amount compared with the constay 
amount of Cu. 

It is uncertain, however, whether all acid-solyh\ 
Al was due to ALS; or at least in part to some A\,() 
In other words, the amounts of Al that were readily 
soluble in acid do not necessarily represent only |! 
amounts of ALS; that were present in solid solut 
in ZnS, but they may also contain some acid-solu| 
Al.O,;. The source for the latter product may be ¢! 
excess Al.O; in the phosphor itself (part of it be: 
soluble and part of it being insoluble in acid) o1 
a further complication, a possible solid solutio: 
Al,O, in ZnS which could also provide a homogeneous 
phosphor phase. The identification of separate phase 
in the phosphors, such as Al.Os, if any, is curren! 
being attempted by x-ray diffraction. Prelimi 
work has shown only the diffraction lines cha 
teristic of the ZnS wurtzite structure.® 

Whether or not the conversion of the added a 
minum salts into Al.S; stops exactly at the moi 
ratio Cu: Al = 1:1, or continues beyond, there is 
definite effect of excess Al upon the emission sp 
trum. This is shown by curves £ to G in Fig. 3 wher 
Al becomes increasingly more effective after the | 
mole ratio has been overstepped. 

The phosphors with equivalent amounts or exces 
of Al turned out with white to yellow to olive bod 
colors which did not change when the materials wer 
washed with NaCN. The depth of color increase! 
with increasing Cu concentrations. The phosphor 
appeared to contain all added Cu incorporated 
solid solution. Chemical analysis for retained ( 
content (after an NaCN wash) showed full recover 
within the experimental error, of all added Cu in the 
phosphors prepared with a molar excess of Al. Thu 
the phosphors appeared to represent complete soi! 

* (Added in print) According to a recent paper ) H. 
Hahn and G. Frank [Z. anorg. u. allgem. Chem., 269, » 
(1952)|, a compound of composition ZnAleS, was also fou 


to have the wurtzite structure of ZnS when prepared abov 


1000°C,, and the spinell structure when prepared a low 


temperatures, the transformation being reversible 
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lutions of (presumably) Cu.S in the base material 
a form true triple Zn-Al-Cu_ sulfides. Expressed 
differently, the solubility of copper sulfide (Cu.S) is 
eonsiderably higher in zinc-aluminum sulfide than in 
pure Ziti sulfide. 

In some respects, the new Zn(Al)S:Cu phosphor 
system is reminiscent of the (Zn,Cd)S:Cu system, 


-which an increase of the substituting sulfide pro- 
duces a shift of the ZnS:Cu emission toward longer 
wave lengths. However, the efficiency of the yellow- 
orange emitting Zn(Al)S:Cu phosphors was only 
about one-half of that of (Zn ,Cd)S:Cu phosphors of 
jmilar color. The greener materials approached the 
brightness of the phosphors with cadmium, while at 
the longer wave length side the brightness fell off 
much more rapidly. However, there are other charac- 


teristic differences. 


I 
1 











Fic. 4. Emission of phosphor G in Fig. 3 with 3650 A 
tation at different temperatures 


The (Zn,Cd)S:Cu system requires very small 
mounts of Cu activator (less than 0.01%), while 
the Zn(Al)S:Cu system requires up to 100 times as 
much Cu to produce corresponding colors. In this 
system, the substituting sulfide is actually a double 
sulfide, the pair Cu.S-Al.S; apparently replacing 4 
ZuS in the lattice just as 4 CdS replace 4 ZnS in the 
phosphors with cadmium. Hence the peculiar situ- 
ition in these new phosphors where copper performs 
idual role, namely, that of a matrix constituent and 
modifier, and that of an activator as well. 

Further differences with the (Zn,Cd)S:Cu system 
vere found in the phosphorescent decay, which is 
rather long and strong in this system, but compara- 
tively brief in Zn(ADS:Cu. Also, the phosphors with 
cadmium are quite temperature stable, while the 
phosphors with aluminum lost brightness very 
tapidly at elevated temperatures. They were prac- 
ically extinct at temperatures of 100°-150°C. On 
‘ooling to low temperatures, they all increased in 
brightness and changed to green, as shown, for ex- 


Pimple, in Fig. 4 for a phosphor with 0.3 per cent Cu 


and 0.69 per cent Al. While the peak of emission 
shifted from 5740 to 5300 A, the intensity of emis- 
sion 1 


reased, and the half width decreased again by 
hearly 40 per cent. Even the nhosphor with | per 
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cent Cu and 1.37 per cent Al was fairly bright green 
when excited at —196°C with 3650 A radiation. 








0 


The emission bands give the impression of being 
true single bands which are displaced with increasing 
matrix substitution, as in the case of (Zn,Cd)S:Cu. 
This is not so, however. It can be demonstrated that 
the emission consists of three sub-bands of such rela- 
tive intensities that the presence of a single band is 
deceptively simulated. 

The change in color and attendant greater change 
in half width with low temperature excitation are 
taken as one indication of a multiple band emission 
at room temperature. A second point is the fact that 
the emission spectrum is dependent upon the in- 
tensity of the exciting u.v. radiation, as shown in 
Fig. 5 for the phosphor with 0.3 per cent Cu and 
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Fic. 5. Emission of ZnS (0.38% Cu, 0.69% Al) with differ 
ent intensities of 3650 A excitation. Approximate ratio of 
intensities A:B:C = 40:5:1. 


0.69 per cent Al. An increase in the 3650 A intensity, 
estimated at about fortyfold, caused the emission 
spectrum to move about 200 A toward shorter wave 
lengths. The phosphor looked considerably greener 
when excited at close range, and more orange when 
excited at a greater distance from the BH4 lamp. 
This is readily explained with the postulate of two or 
more individual bands in the emission spectrum, the 
bands having different excitation sensitivities. As the 
intensity of the exciting radiation is increased, the 
longer wave length band appears to be approaching a 
state of saturation, while the intensity of the green 
band continues to build up at a regular rate. While 
the half width of the emissions does not change over 
the range of u.v. intensities used, it is not likely that 
the observed shift represents a mere displacement of 
a single band. 

The strongest argument for multiple band emis- 
sion, however, was found in the phosphorescent decay 
of these phosphors. Though not measured as yet, the 
decay was observed to consist of a very rapidly de- 
clining green emission and a far more slowly declining 
yellow-orange emission. The time constants for the 
two decays were estimated to differ by a factor of the 
order of 100. 
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In Fig. 3, the peak emission of the phosphor with 
0.3 per cent Cu and 0.69 per cent Al is shown to be 
at 5740 A. This is about intermediate compared with 
the results of Fig. 5 for the same phosphor. As the 
distance of u.v. source-phosphor-spectrograph. slit 
was not changed while the curves for the phosphors 
of Fig. 3 were taken, the relative color changes due 
to phosphor composition as shown in that figure are 
approximately correct for the particular intensity of 
3650 A radiation used. The isolation of each sub- 
band as a function of the exciting energy and in- 
tensity remains to be undertaken 

The band at 5900 A appears to be the longest wave 
length emission which the Zn(Al)S:Cu_ phosphor 
system with high Cu contents can furnish. The green 
band at 5150 A represents the other extreme. Thus, 


one might expect that these two bands in different 


Reletiwe Coergy 


4 wy 


Fic. 6. Approximate intensity distribution of sub-bands 
in emission spectra of 3650 A-excited ZnS phosphors with: 
A—0.3% Cu and 0.32% Al; B—0.3% Cu and 0.69% Al. 


relative intensities should yield the observed emis- 
sions of the intermediate phosphors. This is not so. 
At least three bands are required to synthesize the 
observed emissions from simpler sub-bands. 

The third band is obtained by subtracting the 
extreme bands (in intensities adjusted by trial to 
give the best fit) from the observed emission bands of 
the yellow phosphors. The remaining band peaks at 
5550 A, it has a normal shape, and it is always found 
at the same position. Its half width is slightly larger 
than that of the green band and slightly smaller 
than that of the orange band. This is shown in Fig. 
GA where the reconstruction of the emission spectrum 
of phosphor F in Fig. 3 is indicated. The solid line 
represents the emission as recorded, from which the 
adjusted sub-bands B and C have been subtracted 
to leave the third band as the dashed line D. A slight 
discrepancy occurred only at the deep red end where 
the measurements were known to be less reliable 
(slightly too high). 

Curve B in Fig. 6A is identical with curve B in 
Fig. 3, reduced to 30 per cent of its peak intensity; 


likewise, curve C in Fig. 6A is identical with curve H 








in Fig. 3, also reduced to 30 per cent of i's Deak 
intensity. This leaves the differential bani D y 
5550 A as the most intense band of the th) &. Thy 
sum of the sub-bands B, C, and D gives curye | 
the observed emission. In this particular Phosphor 
therefore, the relative intensity contribution of th, 
three sub-bands is in the approximate ratio of | :2:) 
While the construction of curve A in Fig. 6A my 
seem obvious due to the fairly symmetrical grouping 
and identical height of the sub-bands B and (. }, 
emission curves of other intermediate phosphors syd 
as G in Fig. 3 can be equally well reconstructed fro, 
the same three bands. In this case, however, the rat 
of peak intensities for the 5150, 5550, and 5900 { 
bands must be about 1:6:10 in order to obtai 
good match. This is done by adjusting the 5150 { 
band to 10 per cent of peak intensity and the 5900 { 


Fic. 7. Reflection spectra of H.S-fired ZnS phosp! 
with constant mole ratio of Cu: Al = 1:54. Figures nex! 
curves indicate per cent by weight of added Cu 


band to 70 per cent of peak intensity as show 
Fig. 6B. If the adjusted bands are subtracted {1 
the recorded band, the remaining band at 5550 A» 
identical in shape with the one obtained from cw 
F above. In this phosphor the band at 5900 A Is t! 
dominant one. For this reason, the discrepanc) 
the deep red end becomes slightly worse. 

It is curious that the relative intensities of 1 
three sub-bands seem to be always so adjusted thi’ 
the resulting emissions as observed with averag 
intensities of exciting radiation present the pictu 
of normally shaped single bands. There are no hum): 
in the curves to indicate the beginning of resolut 
at either room or lower temperatures. It has not be 
possible so far to isolate the 5550 A band for obser 
tion by itself. 


The optically excited emission of the phosphors» 


due to a strong absorption band in the near 
which extends into the visible. This band, as obta!! 


in reflection and shown in Fig. 7, is at the same pos 


tion as the bands for Cu and Al alone. It is a gre’ 


deal stronger, however, and increases in streng! 


with increasing concentrations of both Cu and Al.’ 
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omple'e absorption spectrum is shown specifically 
for the phosphor with 0.3 per cent Cu and 0.69 per 
cent Al. The absorption in the blue is responsible for 
she yellow body color of the phosphor. The excitation 
spectrum for these materials will not coincide with 
the absorption spectrum, as neither short u.v., such 
ys 2537 A radiation, nor blue light, such as the 
trongly absorbed 4200 A radiation, lead to any note- 
worthy fluorescent response of the phosphors. 

When excited by 5000-volt cathode rays with 
moderate beam currents, all Zn(ALS:Cu phosphors 
vith copper contents in excess of 0.05 per cent 
emitted substantially green luminescence, regardless 
of the amount of Al present, and regardless of their 
olor with u.v. excitation. The bands were of normal 
shape. The peak positions shifted from 5100 A for 
the phosphor with 0.05 per cent Cu to 5300 A for the 
materials with up to 0.6 per cent Cu. Aluminum 
played only a minor role in broadening the spectrum, 
» contrast to the results obtained on the same phos- 
phors with u.v. excitation. For phosphor G, for ex- 
mple, the shift of peak with u.v. excitation 
amounted to 700 A and the broadening to about 40 
per cent compared with phosphor A; with cathode 
iy excitation of the same phosphor sample, the shift 
of peak amounted to only 200 A and the broadening 
to about 15 per cent. 

Practically all Znu(AlIS:Cu phosphors fired in at- 
mospheres of pure H.S were nonresponsive to electro- 
iminescent excitation. The only exceptions were 
materials prepared with molar deficiencies of Al 

hich were fired at lower temperatures. This is 
liscussed below. Unlike the ZnS:Cu phosphors de- 
vribed in the preceding paper, those prepared with 
ilditional Al did not respond to infrared stimulation. 

In view of the different emission characteristics 

the phosphors with u.v. and with cathode ray 
excitation one might suspect that the materials were 
ot homogeneous so far as the fluorescent phase is 
oncerned (i.e., disregarding the presence of free 
\l,05). Conceivably, a shell of a certain composition 
nd fluorescent response on each phosphor particle 
might surround a core of different composition and 
response. This was disproved, however, by subject- 
ig the phosphors to slow and destructive dissolution 

strong acid. The characteristic emissions of the 
phosphors under u.v. and under cathode ray excita- 
lion, respectively, persisted at all stages until the 
ery last of the materials had been dissolved by the 
cid (again disregarding any AlsO;) 


Trivalent Substituents other than Al 


The introduction of other trivalent elements into 
HS 
tents 
Whi 


ed ZnS :Cu phosphors with higher copper con- 
as been explored to a considerable extent. 
\ large number of experimental results have 
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been obtained, only a very brief and qualitative 
survey can be presented here. This introductory 
survey will be confined to only those compositions 
which appear to be of greater interest and novelty. 

The trivalent elements may be expected to give 
results similar to aluminum, unless their ionic size 
is either much too small or much too large to permit 
easy entry into the ZnS lattice. The extremes in ionic 
radii of the trivalent group III elements are found in 
boron (0.2 A) and lanthanum (1.15 A), compared 
with aluminum (0.55 A) and the next closest ele- 
ment, gallium (0.65 A). Thus Kroeger and Dikhoff 
have found that the copper emission in ZnS phos- 
phors with low Cu contents and any of the larger 
trivalent group III elements is the same position- 
wise and differs mainly intensity-wise. 

At the higher Cu concentrations, such equivalence 
was no longer found. For example, phosphors with 
0.1 per cent Cu and enough Ga to give mole ratios 
of 1:1 and 1:5 were practically devoid of any fluo- 
rescent response to either u.v., cathode ray, or elec- 
troluminescent excitation. They gave a very weak 
orange luminescence when excited at — 196°C; this 
despite the fact that the materials were apparently 
triple sulfides like the compositions with aluminum. 
They were of light yellow body color, did not contain 
any appreciable amount of free copper sulfide, and 
did not hydrolyze with water or weak acetic acid. 

Similarly, homogeneous materials were obtained 
with indium, yttrium, and lanthanum in place of 
aluminum, and with copper contents of 0.1 per cent. 
The body color of the samples with indium was a 
deep yellow. They gave a weak deep orange-red 
emission with a peak at about 6700 A when excited 
by u.v. at room temperature, and a lighter and 
brighter emission at —196°C. With cathode ray 
excitation the emission was a weak deep orange. 
Yttrium, in equimolar amount and in excess of 0.1 
per cent Cu, gave yellowish-brown body colors, a 
weak orange emission with 3650 A excitation which 
became redder at low temperatures, and a fairly 
bright yellow-orange emission with cathode ray ex- 
citation. The fluorescence of the samples with La 
was a very weak green. Despite the low intensity of 
fluorescence, the phosphorescent decay was long and 
strong, especially in some samples made with high 
La contents. 

While all these materials appeared to be built up 
according to the same principle which governed the 
formation of rather bright phosphors with aluminum 
substitution, the fluorescent response of these other 
materials was surprisingly poor. In particular, the 
lack of response in the case of gallium was of interest 
in view of the great chemical similarity between Ga 
and Al. Thallium probably does not form a trivalent 
sulfide at the firing temperatures in question, but 
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several group V elements, such as Bi or Sb, probably 
do. These elements, however, were ineffective in 
promoting the formation of triple sulfides with ZnS 
and Cus. 

The remaining group III elements, including es- 
pecially a few of the rare earths, were again of con- 
siderable interest. Thus, triple sulfides with bright 
yellow and orange luminescence were obtained with 
scandium in equimolar amount and in excess, and 
with as much as 0.3 per cent Cu or more. The ma- 
terials appeared to be homogeneous and contained 
all added Cu in nonextractable form. They were of 
light tan to deeper orange-brown body colors, the 
colors increasing in depth with increasing Cu and Se 
contents and with increasing firing temperature. The 
yellow to orange luminescence was obtained with 
u.v. as well as with cathode ray excitation, the fluo- 
rescent color likewise deepening with higher activator 
concentrations and higher firing temperature. It was 
again found that a two-band or multiple emission 
was involved consisting of a green and at least one 
orange band. The phosphorescence was very strong 
in all samples with scandium. 

Under u.v. excitation, the phosphors with scan- 
dium showed reasonably good temperature stability 
of the orange band, while the green band faded 
much more rapidly at elevated temperatures. Thus, 
all phosphors emitted orange light between 100 and 
200°C. The phosphors also showed a strong thermo- 
luminescent emission of both green and orange, the 
orange being stronger in the materials with high 
scandium contents. 

The phosphors with scandium were of greatest 
interest, however, because of their strong infrared 
stimulability. The emitted light was of yellow to 
orange color in the brightest phosphors which were 
made with 0.05 per cent Cu and increasing amounts 
of Sc. However, and this seems even more interest- 
ing, the stimulated emission was also very strong in 
the phosphors made with as much as 0.3 per cent Cu. 
The usual activator concentrations in stimulable 
sulfide phosphors are in the parts per million range, 
higher concentrations leading to quenching. The 
phosphors with scandium were stimulable only when 
fired in H.S. When prepared with NaCl flux in the 
usual manner, they showed no stimulability what- 
ever, and they fluoresced green instead of yellow- 
orange. 

Compared with the strontium sulfide infrared 
phosphors, the Zn(Sc)S :Cu materials were less bright 
in stimulation, but they showed much greater sta- 
bility to atmospheric exposure. Thus, they were not 
attacked in over a week’s contact with moist air or 
liquid water, indicating that the Sc.S; that was 
formed appeared to have been incorporated in a 
stable solid solution in Zns. 


Similar results were obtained when cerium, prase,. 
dymium, or neodymium were used as the triyaley; 
substituents. Praseodymium and neodymium pro. 
duced orange luminescent colors in excitation ay¢ 
stimulation, while the colors of the phosphors wit) 
cerium were more concentration-dependent, ranging 
from green-yellow to orange with increasing Ce. 

The emission spectra of phosphors with thes 
three substituents showed the appearance of ja, 
rower, resolved bands, even with room temperatyy 
excitation. Cerium gave such bands near 4400. 50% 
5500, and 6700 A. Praseodymium and neodymium 
gave even sharper bands approaching line emissiy 
in width, which were superimposed upon a continuous 
background of orange-red emission with peaks in tly 
red. With Pr, the bands or lines were located , 
5040, 5500, 6100 (multiplet), and 6700 A. By far thy 
strongest of the four was the one at 6700 A, in , 
phosphor with 0.05 per cent Cu and 0.22 per cen) 
Pr (mole ratio 1:2). The 6700 A band towered 
sharply over the continuous background, with its 
peak intensity in the deep red. In the phosphors 
with neodymium, the bands or lines were located «| 
5050, 5410, 6050 (multiplet), and 6680 A. The strong 
est band here was the one at 6050 A in a phospho: 
with 0.05 per cent Cu and 0.23 per cent Nd (mo) 
ratio 1:2). When excited at — 196°C, the sharp bands 
did not change their position or half width; the cov. 
tinuous background, however, moved slightly toward 
longer wave lengths. It is evident that the narro 
bands represent the characteristic emission of tly 
rare earths, while the background represents tly 
characteristic red emission of Cu discussed pre\ 
ously (3). 

While the phosphors with 0.05 per cent Cu wer 
brighter than the compositions with 0.3 per cent Cu 
it was of interest that the latter products not on) 
fluoresced at all, but were again responsive to infra 
red stimulation and in some cases to electrolumines 
cent excitation, 

The results on the combination of copper with th 
rare earths (at high concentrations) thus parallel! tly 
results which Kroeger and Dikhoff (1) obtained 
with the combination of silver with the rare eart)s 
(at low concentrations). The characteristic line emis 
sion is superimposed upon a continuous background 
in both cases. In this connection it is of interest t 
note that a corresponding system of phosphors wit! 
high silver and aluminum, etc., contents could not be 
developed. Phosphors with amounts of Ag that are 
equivalent to the 0.05 to 1 per cent range of Cv 
concentrations reported here did not fluoresce and 
did not appear to form homogeneous triple sul ides 

The storage ability of the phosphors with Ce ws 
better than that of the materials with Se, Pr, or \¢ 
After storage for 15 hours in the dark, the stimulate! 
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light was about as bright as it was immediately 
jollowing the excitation by u.v. While the intro- 
duction of the other trivalent elements had produced 
vellow 'o brown body colors of the phosphors, the 
H.s-fired materials with Ce were pink to purple 
eolored 

The remaining group III and rare earth elements 
produced little if any fluorescent response of interest, 
when used in conjunction with such relatively high 
concentrations of Cu as 0.05 to 1 per cent. 


PyosPpHORS FIRED IN ATMOSPHERES OF HS wirH 


OxIDE ADDITIONS 


Experimental 


\s mentioned before, the characteristics of some of 
the phosphors discussed changed markedly when 
they were fired in the presence of oxide additions to 
the H.S firing atmosphere. These changes were es- 
pecially noteworthy in the phosphors with aluminum 
substitution. 

When the latter materials were fired in H.S with 
small admixtures of air, water vapor, CO., SOs, 

. the incorporation of copper sulfide became in- 
complete, regardless of the amount of Al present; the 
body color of the phosphors changed to the usual 
tan-gray characteristic of ZnS-ZnO:Cu phosphors; 
the yellow-orange emission substantially disap- 
peared, leaving only the green emission; and the 
materials became strongly responsive to electrolumi- 
nescent excitation within certain ranges of activator 
concentrations. 

The phosphors were prepared as described previ- 
ously, except for the addition of the oxide gases. For 
most of the compositions 1100°C proved again to be 
the optimum firing temperature. The relative bright- 
ness under u.v., cathode ray, and electroluminescent 
excitation was not the same for all phosphors. Since 
the phosphors were prepared with much higher Cu 
concentrations than those reported by Kroeger and 
Dikhoff (1) (for pure H.S-firing), their brightness 
wider u.v. excitation was not quite as high. Con- 
sidering the large amount of Cu which was actually 
incorporated in the materials, however, their bright- 
hess Was surprisingly high. Most of the discussion 
below will be devoted to the electroluminescent re- 
sponse which appears to be of greater interest in 
connection with these phosphors. 

The admixture of oxide gases to the H.S was 
simple only in the case of water vapor. When bubbled 
through water or dilute Ba(OH). solution at room 
temperature, a mix of H.S with about 3 per cent H.O 
was conveniently obtained. To prepare mixtures 
with lower water contents, the gas mix was passed 
through traps cooled to lower temperatures to freeze 
out excess water. The vapor pressure of the ice 
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formed was then assumed to determine the desired 
partial pressure of H,O in the emerging gas mix. To 
obtain mixtures with more than 3 per cent H.O, the 
gas was bubbled through heated water and the duct 
to the firing vessel was kept hot to prevent con- 
densation. 

For mixtures with air and COsz, flowing currents of 
these gases were mixed with H.S in a larger vessel 
and then led to the firing vessel after passing a trap 
cooled to —57°C. At this temperature, the vapor 
pressure of ice is 12 u. Thus water was effectively re- 
moved to the extent of about 1 part in 65,000. The 
resultant mixture with such low water content acted 
as though it contained no water at all, i.e., the 
phosphors had the same characteristics as those fired 
in pure H.S. The amounts of air and CO, that could 
be dosed reasonably well by this method ranged from 
2 to 20 per cent. 

When the phosphors were fired in atmospheres 
with large additions of oxide gases (10, 20% or more), 
their electroluminescent response was a weak to 
medium bright blue, regardless of the nature of the 
gas. When the amounts of oxide additions were 
small, the response was a pure green, and varied in 
intensity mainly with the activator concentrations. 
Thus, there was no significant difference in color or 
brightness between the phosphors fired with air, 
water vapor, or other additions. Since water was so 
much easier to dose than the other gases, most of 
the experiments were carried out with this addition. 
It will be referred to as “‘wet firing.” 

All phosphors, whether prepared with molar de- 
ficiencies or excess of Al relative to Cu, contained 
free copper sulfide which was removed with NaCN. 
While the solubility of copper sulfide in ZnS was 
thus considerably lower than in the dry-fired phos- 
phors, it was nevertheless larger than in the phos- 
phors with Cu alone, and it was dependent upon the 
Al concentration, increasing slightly with increasing 
Al additions. The removal of copper sulfide from the 
fired products was necessary for the double purpose 
of increasing the brightness and reducing the con- 
ductivity of the phosphors, so as to allow their use 
in electroluminescent cells without an insulating ma- 
terial. The concentration of acid-insoluble Al.O; was 
slightly higher than in the dry-fired materials. 

The exact nature of the atmosphere to which the 
phosphors were exposed during the firing has not 
been determined. It is apparent that the addition of 
air or CO, to H.S produces H.O and SO, in certain 
concentrations. Since all of these gases were equally 
effective in producing the reported changes, it fol- 
lows that it is the oxygen constituent of the gas mix 
which, regardless of its nature, produced the changes 
in characteristics compared with the phosphors fired 
in pure HS. 





miviliVAit 


‘ 


Wise aed iV) i 








504 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


Wet-Fired Zn(ADS:Cu Phosphors 


The formation of Zn(Al)S8:Cu phosphors with 
different emission and response characteristics is a 
fully reversible process. One type of phosphor could 
be readily converted into the other type, merely by 
refiring for a short time in the appropriate atmos- 
phere. Thus a dry-fired phosphor with yellow body 
color, orange 3650 A-response, and lack of electro- 
luminescent response, gave a tan-gray colored prod- 
uct with green u.v. and green electroluminescent 
response on refiring in wet H.S; this latter material, 
heated again in dry H.S (without removal of the 
excess copper sulfide) reverted to the first type, 
which on further firing in H.S plus air gave again the 


second type, ete. 


TABLE I. Effect of water vapor in firing atmosphere 


on electroluminescent response 


Water Trap Ratio 


temp temp H.O - HS Electrolum. response 
( ( 
100 1:0 Faint blue 
55 1:4.6 Bright green 
25 1:33 Very bright green 
25 -20 1:1000 Weak green 
25 2 1:10000 Very weak green 
25 57 1:65000 Dead 


The best range for the preparation of bright green 
electroluminescent phosphors was about 1 to 20 
per cent H.O, and about 2 to 5 per cent of either air 
or COs in HS. The effect of the concentration of 
water vapor upon the electroluminescent emission 
of a phosphor prepared with 0.3 per cent Cu and 
0.35 per cent Al is shown in Table I. 

It has been pointed out (3) that the H.S-fired 
ZnS phosphors activated with Cu alone gave an 
orange emission with electroluminescent excitation. 
When fired with oxide additions, they luminesced 
mainly blue at both low and high frequencies. The 
addition of even very small amounts of aluminum to 
the phosphors changed their response completely, to 
a pure green, when they were fired in the presence of 
gaseous oxides. As little as 10 mole per cent of Al 
relative to Cu effected the color change to green and, 
at the same time, increased the brightness fourfold. 
Larger amounts of Al gave a greater brightness in- 
crease, as shown below. It is of particular interest 
and importance that the luminescence remained 
green over the entire frequency range of 60 to 15000 
cps investigated. This is in contrast to the Destriau- 
type ZnS-ZnO:Cu phosphors and to the ZnS phos- 
phors activated with Cu and Pb which change from 
green to blue at the higher frequencies (4). 

The spectral emission of the wet-fired phosphors 
with aluminum was substantially invariant with com- 
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position under electroluminescent excitatio). Theip 
brightness, however, was a function of con DOsition 
as well as firing temperature. This was found from 
several series of phosphors which were prepared With 
increasing amounts of Cu, each of them with 4 
number of different Al concentrations, and each of 
these fired at different temperatures. The optimum 
firing temperature was about 1100°C, Phosphor 
fired at either 1000° or 1200°C were significantly le 
bright. The optimum copper content was about 0.15 
per cent added Cu (with 0.05 % Al), although a my: 
wider range of compositions gave nearly equally 
bright materials. The dependency of the brightnos 
upon the Al concentration is shown in Fig. 8 which 
holds for both 60 and 5000 cps excitation of the 


BRIGHTNESS 


20 4 








} ms T ——— T T T T rr 
! 2 3 4 
MOLES ADDED AL PER MOLE ADDED Cw 


Fic. 8. Electroluminescent brightness as dependent wy 
Al concentration in phosphors prepared with 0.15% (Cy 
Exeitation by 60 and 5000 eps currents 


phosphors in oil cells. The brightness ordinate is 

arbitrary units. Curves of similar shape were o! 
tained for Cu concentrations from 0.05 to 0.5 per 
cent added Cu, with peaks occurring at differen! 
levels of brightness. 

The figure demonstrates the striking increase 
electroluminescent brightness due to Al. This increas 
was obtained with very small amounts of Al, mur! 
less than the equivalent of added Cu, and it reached 
a maximum at a concentration of about 0.75 mole: 
Al per mole added Cu. A plot of brightness vs. moles 
of Al per mole of retained Cu (after the NaCN was! 
gave a similarly flat maximum at about 2 moles A 
Since 0.75 is known to be too low (not all added Cu 
was retained by the washed phosphors), and since - 
is too high (not all Al is incorporated as Al,S, in thi 
phosphors), the true mole ratio of Cu: Al for phos 
phors of optimum brightness must be in betwee! 
i.e., somewhere near 1:1. 1t does not follow, howeve! 
that all phosphors with equimolar Cu and Al co! 
tents are electroluminescent. This is discussed belov 

With respect to the optical response of the we' 
fired Zn(Al)S:Cu phosphors, it was already me! 


} 


tioned that their emission was bright green w'' 


3650 A excitation. This is shown in Fig. 9 for amounts 
of added Cu up to 0.3 per cent. There was no furthe 


change in emission with higher concentrations of 
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but th intensity of emission began to decline again. 
The rsuge of colors obtained was a great deal nar- 
rower than that of phosphors of the same initial 
composition but fired in pure H,S. It covered a total 
displacement of only about 170 A by going from 0.05 
to 0.3 per cent Cu or higher, compared with the 
70 A displacement for the dry-fired materials. This 
was not due to the lower amounts of Cu actually in- 
corporated in the phosphors. Thus a dry-fired prod- 
uct with 0.3 per cent retained Cu emitted yellow- 
orange, Whereas a wet-fired product with 0.3 per 
ent retained Cu emitted green light. 








Fic. 9. Emission with 3650 A excitation of Zn(Al)S:Cu 
phosphors fired at 1100°C in H.S with 3% H.O 


Added Cu Added Al 


\ 0 Fy | 

B 0.005 0.0114 
C 0.05 0.069 
D 0.05 0.69 
KE 0.3 0.69 

| 0.3 2.7 


~.f 


The typical blue band appeared again in low in- 
tensity in the phosphors with low Cu content. In 
comparing the curves for the phosphors with in- 
creasing concentrations of Cu and Al, it was found 
that practically all of the peak displacement was 
due to the increasing Cu content; Al contributed but 
ittle to the shift. The reflection (absorption) curves 
of the wet-fired phosphors presented about the same 
picture as those of the dry-fired phosphors shown in 
Fig. 2. An inerease of the Cu content caused the 
absorption band to become stronger, while an in- 
crease of the Al content was relatively ineffective. 

Under 5000-volt cathode ray excitation, identical 
emission bands were found, as already reported for 
the dry-fired phosphors of like composition. With 
increasing Cu concentration up to about 0.3° per 
cent, the peak of emission shifted from 5100 to 


about 5250 A. The shape of the emission curves of the 


wet-ired Zn(ADS:Cu phosphors was practically 
identical under all three forms of excitation, i.e., 


ultraviolet, cathode rays, and electroluminescence. 


COPPER-ACTIVATED ZINC SULFIDE PHOSPHORS 505 


Wet-Fired Phosphors with Other Trivalent Cations 


The phosphors with aluminum substitution under- 
went characteristic changes resulting from dry vs. 
wet firing. In surveying the effect of wet firing upon 
the phosphors with other trivalent substituents, it 
can be stated summarily that such striking changes 
were, in general, not observed. It was surprising to 
find that the electroluminescent response was hardly 
affected where it existed at all in the corresponding 
dry-fired materials, and that it was not as strikingly 
improved as with Al substitution. Again it was 
found that gallium in particular did not produce 
more than the faintest electroluminescent response. 

With excitation by u.v., wet firing resulted gen- 
erally in either slight or stronger shifts toward shorter 
wave lengths. In some cases, the shifts were accom- 
panied by a change in brightness, in others, they were 
not. For example, the phosphors with indium, cerium, 
and praseodymium became dimmer as the emission 
shifted toward green-blue, while the phosphors with 
scandium became just slightly greener with little or 
no loss of brightness. Likewise, the infrared stimula- 
bility was generally affected adversely, and showed 
similar changes of color, except again in the samples 
with scandium whose stimulated light was slightly 
greener but almost as bright as with dry firing. In 
general, none of these phosphors was as interesting 
as the ones with aluminum substitution. 


DISCUSSION 


The results obtained on H.S-fired ZnS phosphors 
with high copper and high trivalent cation contents 
are best explained with the premise that these ma- 
terials are substantially true triple sulfides. So far, 
the x-ray diffraction patterns have shown that the 
materials with aluminum substitution have the struc- 
ture, and very nearly the spacings, of hexagonal 
Zus. Differentials in spacings between pure ZnS and 
the phosphors with as much as 0.3 per cent Cu and 
0.69 per cent Al, for example, appear to be so small 
that refined analysis becomes necessary. Individual 
phases of CuS, CuoS, Al.O; or Al.S; have not been 
identified on the patterns obtained, despite the fact 
that Al.O,;, for example, was found analytically. 
Other physical and chemical characteristics make it 
also most plausible to regard the phosphors as triple 
sulfides with monovalent Cu. Thus Kroeger’s (1) 
original hypothesis that trivalent cations facilitate 
the incorporation of Cu in ZnS appears to have been 
even better substantiated with these materials of 
much higher activator concentrations than Kroeger 
investigated. 

If the presence of free Al,Os is disregarded in the 
phosphors prepared with molar excess of Al over Cu, 
the luminescent phase proper looks like a homogene- 


_ 
=k 
2 
> 


wisi? bed bN7) | 































ee ee 
~ 
































506 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


ous product in which a single species of copper atoms 
appears to perform the dual role of base modifier 
and of activator. In contradiction with this con- 
clusion, the complexity of the emission spectra leads 
to the opposite conclusion, namely, that two or more 
different species of Cu activator atoms must be 
present in these phosphors. This is concluded from 
the fact that the green emission is characterized by 
a different and independent excitation sensitivity, 
different temperature dependence, and different 
phosphorescent decay compared with the longer wave 
length emissions. It also follows from the fact that 
the emission spectra of phosphors of intermediate 
colors, such as green-yellow or yellow, cannot be 
built up additively from just two bands of extreme 
emission. A third sub-band is required to describe 
the observed emission fully. 

The phosphors with the lower (0.05 %) and higher 
(0.6% Cu) activator concentrations are considered 
to furnish two of the three sub-bands in nearly pure 
form. The remaining sub-band at 5550 A could not 
be isolated individually. 

The 5150 A band is at the same position and of the 
same shape as the green emission band of conven- 
tional, hexagonal ZnS :Cu phosphors. It is suggested, 
therefore, that the same type of center which is 
operative in hexagonal ZnS:Cu phosphors, prepared 
with low concentrations of activator and coactivator, 
is also operative as an individual in the Zn(ADS:Cu 
phosphors with much higher activator contents, fur- 
nishing the same green emission. This is the emission 
which is ultimately reached in pure form when these 
latter phosphors are excited at very low tempera- 
tures, or when they are excited by cathode rays at 
room temperature. The green emission would thus 
be due to only a small fraction of the number of Cu 
atoms in the phosphors, placed in the more common 
surroundings. The bulk of the Cu and Al atoms may 
be assumed to be aggregated in “insular” regions of 
higher than average concentration and thus non- 
random distribution throughout the phosphor crys- 
tals. The longer wave length emissions are then 
attributed to such “molecular island” complexes 
consisting of more nearly stoichiometric Zn.AlCuS, 
groupings with much higher than average concen- 
tration of Cu and Al. Such complexes may be ex- 
pected to be very temperature-sensitive, consistent 
with the observed rapid loss of fluorescent brightness 
which approaches zero at temperatures as low as 
100°C. 

The phosphors with electroluminescent response 
have a much simpler emission, which is due essen- 
tially to the same type of center operative in all 
ZnS:Cu phosphors with green emission. However, 
and speaking on submicroscopic scale, the phosphors 
are probably heterogeneous and of more complicated 
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structure than the dry-fired materials. The tani-gray 
color of the wet-fired materials shows that the . opper 
activator is present in some other association with 
the host lattice than in dry-fired phosphors of the 
same retained Cu content. The electroluminescey; 
response is a direct consequence of the presence of 
oxides in the firing atmosphere, and its intensity 
depends upon the amount of these oxides. It thy: 
seems reasonable to attribute the electroluminescey; 
response to a solid oxide phase, providing barriers 
(5), which are distributed in extreme subdivision jy 
or on the phosphor particles and in close physica! 
contact with them. Speaking macrochemically, the 
“oxide” phase may be any of these possibilities: 
ZnO, AloO;, CuS or CuO with divalent Cu, or their 
combinations. 

Among these possibilities, it seems most plausible 
to associate the electroluminescent response with 4 
separate phase of Al,O;. In the wet-fired phosphors 
a certain amount of oxide should remain or form in 
accordance with the equilibrium ALS; + H.O = 
ALO; + HS. Actually, the acid-insoluble Al.0 
content of wet-fired phosphors was found to ly 
higher than that of dry-fired materials, as expected 
However, the Al.O; formed in wet firing must be 
considered to be in a different state than any un 
converted oxide in dry-fired phosphors. The latter 
a mere diluent and does not provide the type oi 
boundaries necessary to make them responsive to 
electroluminescent excitation. 

Thus, the following crude picture develops for thy 
Zn(Al)S:Cu phosphors with high activator contents 
and with a molar excess of Al over Cu. When fired 
in dry H.S, nearly all added Al is converted into 
Al.S; which, together with all added Cu in the form 
of Cu.S8, forms a solid solution with ZnS, the Zns 
being present in much larger amount than the com 
pound ZneAlCuS, requires. Any nonconverted Al 
survives in the form of separate, diluent particles o! 
Al,O;. The main phosphor phase can fluoresce, but 11 
is not responsive to electroluminescent excitation as 
it is homogeneous and has no oxide barriers. The 
formation of triple sulfides probably continues beyond 
the concentrations of Cu and Al that were invest 
gated here; however, these materials cease to b 
phosphors. 

Upon firing in atmospheres with oxide additions, 
the Al additive survives in form of two functional 
phases: most of the Al is converted into sulfid 
which is necessary to hold relatively large amounts 
of Cu in solid solution in the base material; it 1s no! 
essential for the electroluminescent excitation itsell 
A smaller but significant portion of the added Al 
survives as Al.O, in extreme subdivision in or on the 
phosphors; it does not contribute to the solubility 
of Cu.S, but it is essential to provide the heterogene- 
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os barriers for the electroluminescent excitation of 
the phosphors. Since only a portion of the added Al 
‘s converted into Al,S;, not all of the added Cu can 
be taken into solid solution. The balance survives the 
fring as free copper sulfide, which can be washed out. 
\lthough the solubility of Cu.S in the wet-fired 
phosphors is lower than in the dry-fired materials, it 
is appreciably higher than in the phosphors without 
aluminum. 

It was mentioned before that some dry-fired phos- 
phors did give a response to electroluminescent ex- 
citation. These were materials prepared with molar 
deficiencies of Al which were fired at lower tempera- 
tures. This may be explained on the basis of the 
picture outlined above. The temperatures were not 
high enough to effect the complete conversion of 
\|,.0, into Al.S;. The concentrations of Al and the 
temperature were too low to allow particle growth of 
free. diluent Al,O, to oecur. Thus, sufficient Al.O, 
could remain in the phosphors in suitable subdivision 
to provide the heterogeneous barrier phase and the 
ondition for the electroluminescent response of the 
phosphors. 


The response of the Zn(Al)S:Cu phosphors is thus 
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attributed to a small amount of oxide in the phos- 
phors. A similar situation seems to exist in the 
Destriau-type ZnS-ZnO:Cu phosphors which are, in 
fact, prepared with a deliberate, although much 
larger, addition of oxide. 
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Electrical Conductivity and Density of 
Molten Crvolite with Additives’ 


Junius D. Epwarpbs, Cyrit 8S. Taytor, LEE A. CosGrRovE, AND ALLEN 8S. RusSSELL 


ABSTRACT 


The electrical conductivities at 1000°C, expressed as per cent of the eryolite value, 
for cryolite containing 10 weight per cent of the following substances are: sodium fluo 
ride 112, calcium fluoride 96, aluminum fluoride 91, and alumina 83. For pure sodium 
fluoride at 1000°C, conductivity is 5.52 ohm™'em™', compared to 2.80 ohm 'em™! for 
cryolite. Molar conductance decreases linearly with mole per cent sodium fluoride, 
aluminum fluoride, alumina, or calcium fluoride addition to cryolite. The activation 
energy for conductance, calculated from a plot of the Arrhenius equation, is about 4.3 
keal/mole for the systems of cryolite with sodium fluoride, aluminum fluoride, and 
alumina, as well as for pure sodium fluoride, but is slightly higher for the cryolite-cal 


. Pennsylvania 








cium fluoride system. This value agrees reasonably with the 4.48 kcal/mole for pure 


chryolite. Densities in these systems change linearly with temperature, that for pure 


sodium fluoride following the equation 2 
Nak -Na;AIF, is indicated by a density 


INTRODUCTION 


The first paper (1) in this series reported the 
electrical conductivity of eryolite as measured by 
improved techniques. In the Hall process for elec- 
trolytic production of aluminum, the electrolyte, 
while largely cryolite, usually contains an excess of 
either sodium fluoride or aluminum fluoride, along 
with calcium fluoride and varying quantities of dis- 
solved alumina. Consequently, the effect on con- 
ductivities and densities of these additives to ceryo- 
lite has been measured over a considerable com- 
position range. 

Literature values for the electrical conductivity 
of cryolite were summarized in the earlier work (1). 
No values are available for the electrical conductiv- 
ity of pure molten aluminum fluoride inasmuch as 
it sublimes before melting. Arndt and Kalass (2) 
listed the specific conductance of sodium fluoride at 
1000°C as 3.15 ohm~' cm 
equivalent conductances of sodium fluoride and of 


and asserted that the 


cryolite are nearly equal. In the temperature range 
of 1000°-1100°C, calcium fluoride and alumina are 
both solids and insulators. 


EXPERIMENTAL 


M aterials.—Hand-picked crystals of pure Green- 
land eryolite were crushed to 20 mesh and any asso- 
ciated particles of galena were removed. Sodium 
fluoride was Baker’s C.P. powder. Aluminum fluoride 
was distilled and was presumed to be pure, except 
for a 0.9 per cent loss on ignition at 600°C. The 
alumina was Alcoa A-14, a high purity, calcined 
product containing less than 0.2 per cent water with 


! Manuscript received March 30, 1953. 


567-0.610 K 10°44. The stability of the complex 
maximum 


other impurities not exceeding 0.1 per cent. Caleiw 
fluoride was hand-picked fluorspar, ground to a { 
powder. These materials were heated for one ho 





Fic. 1. Conductivity cell 
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‘na patinum crucible at 400°C before weighing for 
each determination. 

Klectrical conductivities—The procedure was to 
veigh out the desired mixture, grind the components 
together, and determine the resistance between hemi- 
sphet al platinum electrodes immersed in the mol- 
‘oy liquid. The cell pictured in Fig. 1 was immersed 
in a platinum crucible containing the stirred molten 
alt, with frequent adjustment toa fixed depth below 
the surface. The cell constant was taken as 
00835 em~! as in the work with pure cryolite (1). 
Resistance was measured with a Kelvin bridge to 
eliminate errors from lead resistance. Frequencies 
‘rom 600 to 4000 ecycles/sec were employed and 


Equivalent conductance 
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” (eq Wta X wt fract.s + eq wts X wt fractg) 
density of melt 
X specific conductance of melt 
The equivalent weight of cryolite has been taken as 
one-third the formula weight (Na;AIlFs), that of 
calcium fluoride as one-half the formula weight. 


POLARIZATION 
There is no satisfactory criterion for knowing 
whether the additives to cryolite are causing appre- 
ciable errors in the extrapolation of resistance to 
infinite frequency. In the present work with the sub- 


TaBLE I. Densities of cryolite with several additives 


Composition by weight 


W% Cryolite 

5% NaF-95% eryolite 

10% NaF-90% eryolite 

15% NaF-85% eryolite 

0% NaF-80% eryolite } 
10% NaF-60% eryolite 

W% NaF-0% eryolite 

5% AlO--95% eryolite 

0% AleO:-90% eryolite 

5% AlOs-85% ervolite 

5% AIFs-95% eryolite 

4% AIFs-92% eryolite 

5% CaF.-95% ervolite 

0% CaF.-90% eryolite 

5% CaF.-85% crvyolite 

0% CaF.-80% eryolite 

10% CaF,60% ervolite 

5% AlOs-10% CaF.,-85% eryolite 


tin °C, 


i 


resistance vs. frequency! was extrapolated to the 
nfinite frequency value which has been used 
throughout this work to minimize polarization errors. 
Temperature was measured with a platinum, plati- 
um-10 per cent rhodium thermocouple immersed a 
fixed distance in the molten salt. 
Densities.—Density was determined with a plati- 
num sinker (calibrated from the room temperature 
density and the coefficient of expansion of platinum) 
suspended from an analytical balance by a fine 
platinum wire. Equations for density as a function 
ol temperature are given in Table I. 
Definitions.-For a mixture .of components A 


and fs: 


| 
Molar conductance 


mole wt, X mole fract, + mole wt, X mole fract,) 
density of melt 


X specific conductance of melt 





Density g/cm? Range of measurement °C 


3.032 - 0.937 -1073t* 1000-1080 
3.051 - 0.950-107%t 996-1080 
3.024 - 0.920-10-% 1007-1078 
3.016 - 0.910-107% YS8—LOSO 
3.015 - 0.910-107% 978-1080 
2.867 - 0.790-107*t 947-1074 
2.567 - 0.610-107%¢ 1003-1076 
2.942 - 0.880-107% 1009-1093 
2.852 - 0.810-107*t 976-1079 
2.753 - 0.720-107%t 998-1085 
2.986 - 0.910-107%¢ 1007-1086 
2.992 - 0.930-107% 1008-1094 
3.012 - 0.890-10~5t 992-1083 
3.027 - 0.870-107-% 993-1084 
3.057 - O0.870-10~% 997-1099 
3.060 - 0.840-10-% 987-1085 
3.172 - 0.840-10-% 1015-1096 
2.929 - 0.810-10-% 1000-1080 


merged platinum cell, the frequency dependence 
seemed to be unaffected to any major degree by the 
sodium fluoride, aluminum fluoride, calcium fluoride, 
or alumina additives, and the slopes of the resistance 
extrapolations against frequency? were taken the 
same as for cryolite measured with the cell platiniza- 
tion in an equivalent state. As was the case in earlier 
experiments with pure cryolite, the platinum cell 
was platinized only at the start of the work. There 
Was an erratic tendency for the slopes of the plots of 
resistance vs. frequency to increase as the work 
proceeded. Temperature changes in the range of 
these measurements, 1000° to 1080°C, had little 
influence on the slope of the frequency curves. 
CONDUCTIVITY OF CRYOLITE WITH ADDITIVES 
The specific conductances are plotted in Fig. 2 
as per cent of the eryolite value vs. weight per cent 
of added sodium fluoride, calcium fluoride, alumi- 
num fluoride, and alumina. To achieve maximum 
conductivity, the bath should contain an excess of 
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it should have minimum 


amounts of alumina and calcium fluoride. Additional 
data on these systems are shown in Table II. 
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TABLE II 


Additive 


[Bak 


6 
WEIGHT PER CENT OF ADDITIVE 


wt % mole ‘ 


Cryolite 
0 0 


Sodium fluoride 


10 35.7 
16.67 50.0 
10) 76.9 
100 100.0 


Aluminum fluoride 


5 11.6 

s 17.9 
Alumina 

5 9.7 

10 17.2 


Calcium fluoride 


5 12.3 
10 23 .0 
15 32.3 


Alumina 5 wt %, 8.4 mole % 


15 30. 


Sodium fluoride, aluminum fluoride 


4 
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calcium fluoride 10 wt %, 2 
2.446 


For the sys- 


tems cryolite-sodium fluoride and cryolite-aluminum 


fluoride, conductivity decreases continuously from 


sodium fluoride through cryolite toward aluminum 
fluoride. The extreme volatility of aluminum fluoride 
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Electrical conductivity of cryolite containing sodium fluoride 
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at high concentrations in cryolite makes me.sype. 
ments on this system unreliable. 

Pearson and Waddington (3), using the data of 
Batashev (4), found a linear decrease in molar cop. 
ductance plotted against mole per cent on adilitioy 
of either sodium fluoride or aluminum fluoride t) 
eryolite. The authors’ data and those of Vayna (5 
plotted by this method give general confirmation 
of the linearity of these plots, although the absolyte 
are altered (Fig. 3), 
Equivalent conductance vs. mole per cent additive 


values throughout the system 


for the system cryolite-sodium fluoride has a slight 
break in the graph (not shown) at a concentration 
corresponding to the formula NaF Na;AlFs. For the 
system cryolite-aluminum fluoride, the long extra 
polation of equivalent conductance gives a value oj 
about 40 ohm~' for the hypothetical pure molten 
aluminum fluoride. 
The densities at 1000°C in the system sodium 
fluoride-aluminum fluoride show a maximum (Fig. 4 
at a composition corresponding approximately to 
Nak’: Na;AlF¢, in agreement with the data of Abra 
mov and Kozunov (6) and of Lundina (7). However, 


, aluminum fluoride, alumina, and calcium fluorid 


Conductance 1000°¢ 
Energy of activation of 
conductance kcal/mole 


9 
0 mole % 


Ag 


1080°C ohm™'cm™ molar ohm= ©?" 
2.99; 4.48 281 Y4 
3.33, $ 30 223 100 
3.405 4.30 191 99 
4.13; +.30 150 109 
5.95, + .30 118 11s 
2.856 4.19 252 SS 
2.762 4.19 236 S4 
2.715 4.20 247 83 
2.48, 4.20 218 74 
2.950 4.69 250 SS 
2.89, 4.69 223 83 
2.872 4.69 203 79 
2 . 65, 4.92 198 66 


Vayna’s densities (8) at 1000°C show a maximum 
between pure cryolite and NaF Na;AlFs. 
Alumina.—The molar conductances measured by 
Batashev (4), for the system cryolite-alumina, wer? 
extrapolated to zero conductivity at pure alumins 
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vhen plotted against mole per cent added alumina 
py Pearson and Waddington (3). The authors’ values 
yd Vayna’s (5) for molar conductance vs. mole 
per cel added alumina are shown in Fig. 5 in com- 
parisol with these values. The evidence from the 
presen work is that molar conductance falls off 
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Fic. 3. Molar conductance of eryolite-aluminum fluoride 
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2.15 [= vavwa 


| 2-ABRAMOV AND 
2.13 KOZUNOV 


3-THIS WORK 
| 4-LUNOINA j i 
2.41 





| | | 


-NoF -No,AIF, 

















g/em® 














2.05F- 
| | / wee 
2.03 }——— 


| 


1.97 — _ 


1.98 | 


| 





DENSITY, 
" 
oO 
































pe) Ss —+— 
be 





| | 
1.934 

20 30 40 50 60 70 80 90 100 
WEIGHT PER CENT SODIUM FLUORIDE IN MIXTURE 





Fic. 4. Density of the system sodium fluoride-aluminum 
+] 
uoride 


more rapidly than would be anticipated if the alu- 
mina were inert in this system. 

The density at 1000°C of the ecryolite-alumina 
system (Fig. 6) decreases with the first alumina ad- 
ditions, another indication of an interaction between 
alumina and eryolite, inasmuch as the density for 
hypothetical molten alumina at 1000°C would be 
much greater than that of eryolite. The density of 
molten alumina near its melting point (2040°C) was 
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determined as 2.5 g/cm* by Wartenberg and co- 
workers (9). 

This system is particularly difficult to measure 
because of the slow solution of alumina in eryolite 
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Fic. 5. Molar conductance of cryolite-calcium fluoride 
and cryolite-alumina relative to pure cryolite. 
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Fic. 6. Density of ecryolite with additives 


at high alumina concentrations, and the extrapola- 
tion of results from low alumina concentrations to 
pure alumina is subject to inaccuracies. 

Calcium fluoride.—Pearson and Waddington (3) 
reported a linear decrease of molar conductance with 
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mole per cent calcium fluoride for the ecryolite-cal- 
cium fluoride system. Vayna’s (5) data are again in 
marked disagreement. The authors’ values for this 
system are not quite linear (Fig. 5). Equivalent con- 
ductance plotted (not shown) against mole per cent 
also lacks linearity. The extrapolated equivalent 
conductance of calcium fluoride is 50 ohm™. 

Density of the melt at 1000°C increases almost 
linearly with weight per cent added calcium fluoride 
(Fig. 6) up to 40 per cent, the limit of these measure- 
ments, where the value is 2.333 g/cm*. Inasmuch as 
both the density and conductivity plots (on the 
equivalence basis) are ideal, it appears that calcium 
fluoride does not react with cryolite. 

Calculation of ternary mixtures.—The specific con- 
ductance at 1000°C of a mixture containing 5 per 
cent alumina and 10 per cent calcium fluoride in ery- 
olite is 2.44 ohm~ cm. It is interesting that this 
value would be predicted from the curves for the 
binary mixtures cryolite-alumina and cryolite-cal- 
cium fluoride. 

‘TEMPERATURE DEPENDENCE OF CONDUCTIVITY 

All the conductivity data can be plotted linearly 
as log equivalent conductance, A, against reciprocal 
absolute temperature, 7’, where A == KE/d, with K 
the specific conductance, EF the equivalent weight 
(equivalent weight of a mixture is defined in this 
work as the equivalent weight of pure component A 
times the weight per cent of component A in the 
mixture, plus the equivalent weight of pure compo- 
nent B times the weight per cent of component B in 
the mixture, etc.), and d, the density. Values of the 
activation energy for conductance (10, 11) in keal 
mole, are listed in Table II for sodium fluoride, alu- 
minum fluoride, alumina, and calcium fluoride sepa- 
rately added to eryolite. The activation energy ap- 
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pears to be consistent within the limits of e: ror 4 
4.3 kcal/mole over the measured range of «odiyy 
fluoride, aluminum fluoride, and alumina eo Nposi 
tions. With calcium fluoride addition, however, 4) 
value increases to 4.7 kcal/mole. This increase jg j) 
accord with the general rule that energies of actiy, 
tion increase with increased size of the cation, Th 
ternary mixture, 5 per cent alumina, 10 per cent ¢q| 
cium fluoride in cryolite, has a higher activatioy 
energy, 4.9 kcal/mole, than the binary mixtures 
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Free Convection Conditions 


Correlation of Limiting Currents under 


C. R. Witke, M. EIsensperG, anno C. W. Tostras 


Department of Chemistry and Chemical Engineering, University of California, Berkeley, California 


ABSTRACT 


Limiting currents were measured for deposition of copper on plane vertical cathodes 


from unstirred solutions. Electrolyte composition ranged from 0.01 to 0.7 molal CuSO,, 


1.38 to 1.57 molal H.SO,, and 0 to 6.38 molal glycerol. Cathode heights varied from 0.25 


to 3.0 in. Limiting current densities were from 0.4 to 108 ma/em?. A general correlation 


of the data may be represented by the equation: Nu’ = 0.673 (ScGr)'", where Nu’, Sc, 


and Gr are the mass transfer Nusselt, Schmidt, and Grashof numbers, respectively. This 


result is in good agreement with that predicted from the boundary layer theory for mass 


transfer by free convection 


INTRODUCTION 


[his paper is concerned with limiting rates of 
leposition of copper ions at a vertical cathode in an 
wstirred solution. In such a system, natural convec- 
tion, or “spontaneous stirring,” results from density 
hanges which accompany concentration changes in 
the region of the electrode. The limiting process is 
ontrolled by the maximum rate of mass transfer of 
opper between bulk solution and the electrode sur- 
we. A more detailed discussion of mass transfer phe- 
omena in electrochemical problems has been pre- 
vented in an earlier paper (1). 

Natural convection usually involves laminar mo- 
tion of the fluid so that the over-all process requires 
msideration of the simultaneous action of molecu- 
uw diffusion and convective flow. In steady-state 
ee convection, the main resistance to mass transfer 
s associated with a relatively small region of fluid in 
the vicinity of the electrode, and the concentration 
f the bulk solution remains constant. It is conven- 
ent to describe the rate of transfer between any 
point on the electrode surface and the surrounding 
solution in terms of a mass transfer coefficient for 


ee convection as given by the relation: 
(Np) = kA(C. — Ci) (1) 


here: (Np), 


moles ‘em?-see; k, 


local rate of mass transfer, gram 

local mass transfer coefficient 
it height x on the electrode surface; and C, and C; = 
oncentration of reacting species in bulk solution 
and at electrode surface, respectively, gram moles/ 


The total local rate of mass transfer, excluding 


nigration, is determined by the current density: 


(N,)," = a * dD 
nm 


inuseript received April 6, 1953. This paper was 
ed for delivery before the Philadelphia Meeting, 
Ma to 8, 1952. 


where: /, = current density at height x; n = valence 
charge of reacting ion; F = the Faraday; and ¢ = 
transference number of reacting ion averaged over 
the mass transfer path. 

To describe the rate of mass transfer per unit area 
averaged over the entire electrode, an average mass 
transfer coefficient may be defined by the equation: 


; F a (1 — 2) 
Np = ki(C, — C;) = (IIT) 
nF 
where: Vp = average mass transfer rate, gram moles 
em’-sec; k, = average mass transfer coefficient, 
em sec; and J = average current density, amp/cm*, 


i.e., total current electrode surface area. 


Limiting Current and Concentration Polarization 


The mass transfer coefficient has a value charac- 
teristic of the system and current density under con- 
sideration, so that the average current density is 
given by rearrangement of equation (IIT): 

a nF(C, — C Lia (LV) 

(1 — t) 

The theoretical maximum current density is that 
which would reduce C; to zero. This theoretical lim- 
iting current density cannot be fully reached in prac- 
tice because of the development of electrode polari- 
zation associated with depletion of the reacting ions 
in the region of the electrode. This polarization is 
approximately equal to the emf of a concentration 
cell formed between two solutions containing the 
reacting ion at concentrations C, and C; , respec- 
tively. Thus: 


ar. &. Bs .. Ge ; 
AE = n—® In — (V) 
nF a nF C. 
where AF = concentration polarization, volts. As 


the current density is increased toward the theoreti- 
cal limit, the applied potential must increase as a 
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result of the polarization, so that, in general, before 
the theoretical maximum current can be reached, 
some competing electrode reaction such as hydrogen 
evolution occurs. However, C; often can be reduced 
in practice to an essentially negligible value before 
the onset of a successive reaction. For example, in 
the deposition of a copper ion at 25°C, a concentra- 
tion polarization of 0.087 volt will require the ratio 
C,/C, to be 10~*. In view of the possibility of succes- 
sive reactions, it is necessary to define the limiting 
current density as the maximum current density 
which may be utilized exclusively for the production 
of a desired electrode reaction. 

Equations for prediction of mass transfer coeffi- 
cients and general correlation of data may be de- 
veloped by analogy to solutions of the correspond- 
ing problem of heat transfer to vertical surfaces by 
free convection. In another paper (2), the authors 
have applied the boundary layer equations of Squires 
(3), as outlined by Eckert (4), to the present mass 
transfer problem. This procedure leads to the follow- 
ing results in the form of dimensionless groups: 


(Nu’), = 0.508Sc!(0.952 + Se)! 4Gr'4* (VI) 


where: (Vu'), = local Nusselt number for mass trans- 
fer; Sec = Schmidt number; and Gr = Grashof num- 
ber. 

The Nusselt, Schmidt, and Grashof numbers are 
given by 


; | >.¢ ; 
(Nu’), = —— (VII) 
D 
where: k, = mass transfer coefficient at height 2, 
em; x = vertical height on electrode surface, cm: 


D = effective diffusion coefficient of cupric ion, em? 
sec; X, = “film factor” for diffusion of cupric ion 
analogous to film pressure factor in gases (5, 6), 
equal to the log mean volume fraction of nondif- 
fusing species in the present case. 


Se = — (VIII) 
pD 
where: « = average liquid viscosity, g/em-sec, and 
p = average liquid density, g/cm*. 
g(po — pip x 
Gr, = ° - (i ) 
pie 
where: p, and p; = fluid densities in bulk solution 


and at the electrode surface, respéctively, g/cm‘, 
and g = acceleration of gravity, cm/sec?. 

It is convenient to relate the density difference, 
Po — pi, to the concentration difference, C, — C.,, 
by the specific densification coefficient, a, defined by 
the relation: 


an — (X) 





Noveml-r 19; 3 


The specific densification coefficient does 1.0 Vary 
greatly with concentration and, therefore, provide 
a convenient method for correlation of density dat, 
for use in these equations. 

At the limiting current, assuming C; to b: negli. 
gible over the entire electrode, k, varies inversely 4 
the 4 power of x. By integration over the electrode 
the average mass transfer coefficient over height ( 
to x can be related to the local value at height x }y 
the equation: 


ki, = 4 3k, (X] 


Assuming X, = | and the number 0.952 negligib), 
compared to Se, equations (VII), (VIIL), and (X] 
may be combined to give the general equation fo, 
correlation of mass transfer coefficients in liquid 
Systems: 
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RESISTANCE 


Fic. 1. Cell and circuit diagram 


APPARATUS AND MATERIALS 


The apparatus consisted essentially of an electro 
lytic cell for copper deposition and auxiliary equip 
ment for measurement of total current and cathod 
potential relative to the bulk solution in the cell 
Fig. 1 is a schematic diagram of the apparatus. 

The cell was a rectangular container 7.6-cm wid 
and 10-em high, formed of several sections of Lucite 
so that the distance could be varied between th 
cathode and anode located at opposite ends. Fig. 2 
and 3 illustrate these features. A copper plate formed 
one of the end walls and served as anode. The copper 
cathodes were mounted in various Lucite holders as 
shown in Fig. 4. These holders permitted use of elec 
trodes of four different heights: 0.634 em, 2.54 em, 
3.75 em, and 7.6 em, and facilitated exchange o! 
electrodes for repetition of the experiments. All cath 
odes were equal in width to the inner dimension 0! 
the cell, i.e., 7.6 em. The sides of the cathodes were 
insulated with Glyptal lacquer so that only the side 
facing the anode conducted current. The cat!oae 
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-ireuit was completed by means of a contact screw, 
ys indicated in Fig. 1. A fresh electrode was used for 
avery limiting current determination, each electrode 
hat ‘nx been abrased and preplated by a standard 
procedure to assure uniformity of surface properties. 
Care was taken to obtain smooth alignment of the 
athode surface with the vertical cell wall formed by 
the Lucite holder. 

As reference electrode, a copper rod was immersed 
» a solution of the same composition as the bulk 
liquid in the cell and connected to the cell through a 
apillary of 45-mm outside diameter, located in the 
comune of the cell at the centerline of the cathode at 
4 distance of 1 mm from the surface. Data were not 
orrected for the small error in potential caused by 
mic resistance of the solution between the capil- 
ary tip and the electrode. 

Potentials between the cathode and the reference 
electrode, i.e., total cathodic polarization, were meas- 
ved with a type K-2 potentiometer, and current 
vas measured with a range of calibrated ammeters. 

Fifteen different solutions of CuSO, in approxi- 
mately 1.5. sulfuric acid were investigated. CuSO, 

neentration varied from about 0.01.M to 0.74M, 

d H.SO, varied from 1.38. to 1.57M. The electro- 
yte composition remained essentially constant in 
ny one experiment. The cell liquid was analyzed 
frequently during the course of the study; Cu** by 
the iodine-thiosulfate method, and SO," by standard 
gravimetric procedure, C.P. chemicals were used for 
preparation of all solutions. 


EXPERIMENTAL PROCEDURE FOR LIMITING CURRENT 


lhe principal limiting current experiments are de- 
scribed below. Certain auxiliary experiments are dis- 

issed in a later section. 

With the electrodes in place, the cell was filled 
vith liquid to a depth of 10 em, completely covering 
the cathode in all cases. Current was then passed 
through the cell and increased in small increments 
intil the limiting current was attained, and usually 
nereased further to the point of hydrogen evolu- 
tion. Potential readings and new current settings 
vere made at intervals of approximately 1 minute. 
These time intervals permitted the current and po- 
tential to reach essentially steady-state conditions 
at each rheostat setting, as demonstrated in pre- 
liminary experiments. Current-potential measure- 
ments were made with each electrode and electro- 
yte composition, and repeated three or four times, 
using freshly prepared cathodes. Reproducibility of 
successive limiting current determinations was 
within 1-2 per cent. The limiting current density for 
each experimental condition was determined by plot- 
ting the average current density over the electrode 
Vs. potential, as determined by the reference elec- 
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Fic. 2. Assembled cell and reference electrode 





Fic. 3. Cell resting on end, anode at top 





Fic. 4. Various cathodes and holders 


trode, and observing the “plateau’’ where the cur- 
rent density became essentially independent of po- 
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tential. Fig. 5 is a typical current-potential curve 
for two consecutive runs on the same solution. Al- 
though potentials at currents well below limiting 
were not always consistent for runs on different elec- 
trodes, the limiting current plateaus were always in 
reasonably good agreement. Temperature was ob- 
served during the experiments for subsequent evalu- 
ation of liquid properties. 


CORRELATION OF RESULTS 


Kxperimental data for the principal experiments 
are summarized in Table 1. According to equation 
(X11) and related theory, the Nusselt number should 
be a unique function of the Schmidt-Grashof num- 
ber product for all electrode heights and electrolyte 
compositions. The procedure for obtaining these di- 
mensionless groups is outlined briefly. 

Mass transfer coefficients.—-Average mass transfer 
coefficients were calculated by substitution of ex- 
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Fic. 5. Typical current potential curve 


perimental quantities in equation (II1]), assuming C 
to be negligible compared to C,, and ¢ for cupric ion 
to be zero. Estimates based on ionic mobilities at 
infinite dilution and corrected for concentration by 
comparison with similar systems indicated that the 
average value of ¢ over the boundary layer probably 
did not exceed 0.015 for even the most concentrated 
CuSO, solutions. In absence of a rigorous theory for 
treating transference over the present concentration 
profiles further refinement of the analysis did not 
seem justified. 

Film factor for cupric ion.—-Due to the small vol- 
ume of the cupric ion, (X;) in equation (VII) was 
never less than 0.997 for the maximum concentra- 
tions and was, therefore, assumed unity in all calcu- 
lations. 

Diffusion coefficients The effective diffusion co- 
efficient for cupric ion was assumed to be the value 


for CuSO, since sulfate was the only anion present. 
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Numerical values were based on the experiment, 
data of Gordon and Cole (7) corrected for t nperg 
ture, viscosity, and ionic strength of the soluytio 
Hydrogen ion and sulfate ion were assumed to diffyy 
as sulfuric acid since the cupric ion concentration, 
was relatively small in all cases. Sulfuric acid dj 
fusivities were derived from data of Gordon (8) an 
Thovert (9), utilizing temperature and viscosity eo) 
rections in a similar manner to the procedure {o, 
CuSQO,. Diffusion coefficients and viscosities ente, 
ing the final correlation were evaluated at the arith 
metic mean composition between the bulk solutic, 
and electrode-solution interface. Numerical valy 
are given in Table I. 

Interfacial composition..—The cathode reaction and 
migration effects result in a net movement of sulfur 
acid toward the interface. Eventually, a steady state 
is reached in which acid is transported away from 
the electrode by convective mass transfer at thy 
same rate it is carried toward the electrode. The con 
centration difference thus developed between thy 
electrode and bulk solution is expressed by the rn 
lation: 


Ity+ = Kysso (Ci — Co) neo, XII] 
where {y+ = transference number for hydrogen io 
and ky.so, = mass transfer coefficient for sulfw 


acid. According to equation (X11), the mass transl: 
coefficients for the various species vary as the 
power of the respective diffusion constants for ai 
given electrode and solution. Therefore, the mas: 
transfer coefficients for HoSO, were calculated from 
the relation 


ky.s0, = | ue] : kouwno, (XT\ 


From the known bulk solution sulfuric acid conce: 
tration, the electrolyte composition at the interfac 
could be calculated for each experiment. Trial and 
error procedure was required in the solution of equa 
tions (XIII) and (XIV) since the average film com 
position, and, hence, the diffusion constant, was no 
known in advance. 

V iscosities.—V iscosities were measured with a 
Ostwalt viscosimeter for sulfuric acid and coppe! 
sulfate solutions over the range of temperature and 
composition of interest. Results for pure sulfuri 
acid solutions were in agreement with the data o! 
Vinal and Craig (10). 

Densities. Densities were measured with a speci 
pycnometer of large volume for various solutions 
covering the range of compositions used in the ex 
periments. A general correlation of a values fo! 
CuSO, and H.SO, in water and aqueous glyceré! 


solutions was developed which permitted the calcu 
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ation the density difference between bulk solu- General correlation.—Using the mass transfer co- 
‘on aod the electrode-solution interface for each efficients and property values developed as discussed 


(ABLE |. Experimental data and results for deposition of copper from CuSO4-H2SO, solutions on vertical electrodes 


Mass Avg 
| Lim apne Avg iets diffusion : 
CuSO. HeSO.g current - Temp, viscosity 5 co 4CH,.SO pe pi ‘ : 
coefficient : density . 24 Vu Se Gr X 107 
molarity molarity density ( cent ethcient moles/liter g/cm? 
. . x 104 . z/cm 
ma/cm? poise x 10° 
cm, se a 
cm?/sec 


; 0.25 0.01002 1.530 0.602 0.3113 24.7 1.197 1.0898 0.628 0.0031 | 0.00139 31.43 1749 0.00264 
9 §.25 0.0270 1.561 2.12 0.4068 23.7 1.220 1.0919 0.615 0.0083 | 0.00371 $1.94 1817 0.00680 
» (25 0.0498 1.498 $.20 0.4370 23.0 1.260 1.0933 | 0.593 0.0153 | 0.00675 46.72 1943 0.01167 
; 0.25 0.0688 1.523 6.44 0.4850 23.7 1.242 1.0924 0.604 | 0.0209 | 0.00926 50.91 | 1882 0.01641 
> (0.25 | 0.0813 1.501 7.67 0.4890 23.7 1.229 1.0918 0.610 . 0.0247 | 0.0109 50.82 1845 0.01969 
§ 0.25 0.0966 1.508 9.63 0.5010 23.7 1.2638 1.0968 | 0.594 | 0.0301 | 0.0133 53.47 1939 0) . 22290 
7 0.25 | 0.189 1.573 20.69 0.5671 23.7 1.300) 1.1034 | 0.580 | 0.054 0.0248 62.00 2031 0.04078 
gs 0.25 | 0.247 1.465 27 .55 0.5778 20.5 1.396 1.1056 0.533. 0.071 0.0319 68.73 2369 0.04575 
9 0.25 0.376 1.450 18.68 0.6710 22.5 1.400 1.1150) 0.537 0.108 0.0478 79.25 | 2338 0.06936 
0 0.25 | 0.467 1.471 66.45 0.7373 | 22.5 | 1.438) 1.1282 | 0.525 | 0.123 0.0594 89.01 2428 0.08345 
| 0.25 0.624 1.424 92.44 0.7675 | 26.0 | 1.385 | 1.1328 | 0.522 | 0.156 0.0791 88.13 | 2215 0.1211 
2 0.25 0.660 1.502 94.65 0.74385 21.5 1.576 1.1406 | 0.480 | 0.160 0.0845 98.21 2878 0.1006 
0.25 | 0.732 1.484 108.2 0.7658 | 23.7 | 1.559 | 1.1447 | 0.490 | 0.174 0.0938 99.09 2779 0.1151 
14 0.25 | 0.739 1.384 105.3 0.7376 | 23.7 | 1.5386 | 1.1397 | 0.495 | 0.177 0.0941 94.47 | 2773 0.1186 
5 1.00) 0.0118 1.522 0.495 0.2270 22.9 1.218 | 1.0906 0.613 | 0.00385 0.00157 94.06 | 1822 0.1852 
§ 1.00 0.0270 1.561 1.46 0.2802 24.9 1.186 | 1.0913 0.635 | 0.0083 | 0.00371 112.1 1711 0.4625 
17 1.00) 0.0498 1.498 2.76 0.2872 21.0 1.317 1.0942 0.536 0.0153 0.00675 129.6 2138 0.6867 
iS 1.00 0.0813 1.501 5.00 0.3187 | 20.4 | 1.320 | 1.034 0.561 | 0.0247 | 0.01309 144.3 2152 1.101 
19 1.00 0.189 1.573 13.05 0.3578 | 20.5 | 1.392 | 1.1050 0.536 | 0.0540 | 0.0249 169.5 2350 2.295 
” 1.00 0.247 1.465 17.58 0.3688 20.1 1.404 1.1058 0.528 0.071 0.0319 177.4 2405 2.910 
2 1.00 0.376 1.450 28 8 0.3969 19.4 1.495 | 1.1168 0.498 | 0.108 0.0479 202.4 2688 3.924 
» 1.00 0.467 1.471 14.9 0.4982 | 24.0 | 1.390 | 1.1272 | 0.546 | 0.123 0.0593 231.7 2258 5.733 
*% 1.00 0.660 1.502 66.3 0.5252 | 25.0 | 1.466 | 1.1375 | 0.523 | 0.160 0.0844 255.0 2464 7.437 
241.00 | 0.732 1.484 74.65 0.5284 | 21.3 | 1.654 1.1465 | 0.458 0.174 0.0939 293 . 1 3150 6.597 
2 1.50) 0.0113 1.522 0.45 0.2063 22.4 1.231 | 1.0910 | 0.605 0.0085 0.00137 27.9 1865 0.5839 
% 1.50 | 0.0270 1.561 1.29 0.2476 25.5 1.171 | 1.0911 | 0.645 | 0.0082 | 0.00371 | 143.9 1664 1.528 
7 1.50 0.0305 1 .522 1.53 0.2599 22.0) 1.265 | 1.0920 0.588 | 0.0094 | 0.00418 165.8 1970 1.476 
2X 1.50 0.0498 1.498 2.60 0.2705 | 22.5 | 1.276 | 1.0936 | 0.584 | 0.0153 | 0.00675 173.7 1998 2.351 
”% 1.50) 0.0813 1.501 $.58 0.2919 20.0 1.331 | 1.09386 0.556 | 0.0247 0.0109 196.9 2188 3.485 
0 1.50) 0.189 1.573 12.05 0.3304 20.4 1.395 | 1.1051 | 0.535 | 0.054 0.0249 231.6 2359 7.354 
1.50 | 0.247 1.465 16.6 0.3486 | 22.3 | 1.345 | 1.1046 | 0.557 | 0.071 0.0319 234.7 2186 10.18 
2/ 1.50 | 0.376 1.450 6.2 0.3610 20.0 1.474 | 1.1168 | 0.506) 0.108 0.0478 267 .6 2608 12.99 
} «1.50 0.467 1.471 39.5 0.4383 | 22.7 | 1.4382 | 1.1280 | 0.527 | 0.123 0.0594 311.9 2409 17.41 
{ 1.50 0.660 1.502 19.2 0.3863 19.0 1.700 | 1.1417 0.441. 0.160 0.0846 328 .5 3376 17.93 
5 1.50 | 0.732 1.484 66.8 0.4728 | 23.7 | 1.558 | 1.1448 | 0.490 | 0.174 0.0937 361.8 2777 23.85 
6 3.00) 0.0113 1 .522 0.397 0.1820 22.3 | 1.231 | 1.0909 | 0.605 0.0035 | 0.00157 | 228.7 1865 +. 860 
7 3.00 | 0.0270 1.561 1.07 0.2053 24.8 | 1.190 | 1.0914 0.633 | 0.0082. 0.00371 | 246.5 1722 12.31 
Ss 3.00 0.03805 1.522 1.24 0.2107 | 22.4 | 1.256 | 1.0918 | 0.593 | 0.0094 | 0.00418 | 270.0 1940 12.46 
3.00 0.0498 1.498 2.09 0.2175 21.2 1.310 | 1.0942 0.567 | 0.0153. 0.00675 | 291.5 2117 18.59 
10 3.00 0.0813 1.501 3.55 0.2263 20.4 1.320) 1.09384 0.561 | 0.0247 0.0109 306.5 2152 20.48 
1! 63.00 0.189 1.573 9.9] 0.2717 20.4) 1.395 | 1.1051 | 0.535 | 0.054 0.0249 385.9 2359 61.22 
12 3.00 | 0.247 1.465 14.05 0.2947 22.1 1.351 | 1.1048 | 0.554 | 0.071 0.0319 104.3 2207 84.03 
1 63.00 0.376 1.450 20.7 0.2853 19.0 1.504 1.1171 0.494 0.108 0.0478 138.8 2725 103.9 
4 3.00 | 0.467 1.471 29.7 0.3295 18.0. 1.612. 1.13808 0.461 0.1238 0.0595 543.2 3092 , 114.9 
15 OO 0.660 1.502 14.1 0.3462 22.8 | 1.546 1.1396 | 0.491 0.160 0.0844 535.9 2763 =179.7 
16 00 0.732 1.484 56.6 0.4003 | 27.2 | 1.429 1.1422 | 0.540 | 0.174 0.0937 563 .3 2317 235.1 
N Transference numbers of H* varied from 0.75 to 0.81 
experiment. This procedure is outlined in detail above, the Nusselt, Schmidt, and Grashof groups 
elsewhere (11). Density data based on these a val- were evaluated for each experiment as presented in 
les are presented in the data tables pertaining to Table I. Fig. 6 is a log-log plot of the Nusselt group 


the \ .rious experiments. vs. the Schmidt-Grashof product. All of the data 
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correlate very satisfactorily in the manner indicated 
by the theory to a straight line corresponding to the 
equation: 

Nu’ = 0.673(SeGr)!". (XV) 
The constant 0.673 was evaluated by averaging the 
constants calculated for individual experiments, as- 
suming the Schmidt-Grashof product to enter as the 
14 power. Such close agreement between equation 
(XV) and equation (XII) is no doubt fortuitous, but, 
nevertheless, the result appears to be a very en- 
couraging indication of the general validity of the 
methods employed. 

700 — 
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Fic. 6. General correlation of free convection data 


DISCUSSION 


Comparison of Results with other Theories 


and Experiments 


Diffusion layer theory.As originated by Nernst 
(12), this theory assumes transfer of ions to occur by 
diffusion through a “diffusion layer’’ of thickness B’ 
defined for dilute solutions by the relation: 

c. ss C ae 
(XVI) 


The diffusion layer is thus a hypothetical layer of 
stagnant fluid by means of which the total rate of 
mass transfer by all mechanisms acting over the 
actual mass transfer path may be expressed by an 
equivalent rate equation for pure diffusion. This con- 
cept has been widely used in the chemical engineer- 
ing literature, with B’ usually designated as the ‘“‘ef- 
fective film thickness.”” From equations (III), (XV), 
and (XVI), the diffusion layer thickness is given by: 


B’ = 1.482(ScGr)""4. (XVII) 
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Equation (XVII) indicates that B’ is not constay 
but varies with electrode height, electrolyte | po. 
sition, and other factors which influence the Sclimid. 
Grashof number product. For the experimental ye. 
sults obtained in this study, B’ ranged, in agreemer; 
with the theory, from 0.0064 cm to 0.0332 em. Some 
authors (13, 14) have recommended use of an ayer. 
age value of 0.05 cm for B’ in unstirred systems, , 
procedure which is theoretically unsound and which 
may be very seriously in error, as indicated by the 
present results. 

Analogy to the Schmidt-Pohlhausen-Beckmann ¢ 
velopment for heat transfer (15).—As recommended 
for electrochemical systems by Agar (16) this theory 
gives the result 2 

Nw’ = 0.525(ScGr)'"*. (XVIII 
Although the numerical coefficient in this equation 
disagrees with that derived from more exact theories 
and the present experimental result, the essentia 
form of the equation is the same for large values oj 
Sc. The disagreement is to be expected since th 
original solution of the differential equations by 
Pohlhausen was based upon Beckmann’s experimen 
tal result for heat transfer to air from vertical plates 
The numerical coefficient of equation (XVIII) ea 
be considered applicable only to systems wit! 
Schmidt or Prandtl numbers of numerical value nea 
to the Prandtl number for air, i.e., about 0.73. 

Equations of Levich-—Levich (17) has developed 
an approximate solution to the differential equation: 
for the free convection boundary layer which may |» 
put into the form of equation (XII) as follows: 


Nw’ = O0.51(0ScGr)'"*. (X1X 


Again, although the exact numerical coefficient dil 
fers, this theory leads to an equation of the sam 
general form as those previously described. 
Equations of Wagner—A detailed treatment 0! 
the free convection problem in relation to electrod 
processes has been presented by Wagner (18). Wag 
ner uses the method of the boundary layer, assuming 
that the boundary layers for velocity and for diffu 
sion of the various ionic species do not necessaril) 
coincide. By assuming certain functions for the dis 
tribution of velocity and concentration between th 
electrode and point of maximum velocity, equations 
are developed to apply specifically to the system 
CuSO,-H,SO0,-H,O. This result may be expressed 1! 
the following form for comparison with equatio! 


(XII): 


Nw’ = 0.805(ScGr)'". XX 


? Inspection of the equations as presented by ten Jiosc! 
indicates that the coefficient of equation (XVIII) should 
be 0.518. 
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js a consequence of assuming the boundary layer 
shickness for diffusion of H* to be greater than for 
jifusion of Cut*+, Wagner obtains an expression for 
calculation of the density difference between bulk 
glution and the electrode surface which differs from 
‘he result obtained in this paper. Direct comparison 
of the methods is, therefore, complicated. 

When a may be assumed constant at an average 
-alue for each species, equations (IV) and (XIIT) to 
XV) lead to the following result for the average 
imiting current density over an electrode of height 


0.673nFAC 
] tcu ++) 


(XXI1) 


[ox D AC (@ouso0, an 80,ln+|Deuso, Du.so,* 4) }/4 
we 


Equation (XXI) may be compared directly with 
equation (XLVI) of Wagner’s paper. Limiting cur- 


TABLE IL. Limiting current densities at copper cathodes in 
0.1M CuSO, + 1.0M H.SO, at 26°C 


Average limiting current density, amp/cm* 


Calculated! Calculated? 
equation (XXI)\equation (XXI 


Experimental Calculated, 


, @ physical physical r. 
result (1 properties, properties Wagner 
this study of Wagner 
0.01038 0.0099 0.0083 0.0094 
} 0.0067 0.0070 0.0058 0.0066 
lf 0.0052 0.0050 0.0041 0.0047 
Deusoy = 0.657 XK 10° em*/sec; @couso, = 143.6 cm? 
ole; @Hes0, = 51.9 em*/mole. 
Deusoy = 0.5 K 10° em?*/sec; @cuso, = 166 cm*/mole; 
«, = 68 cm*/mole 


rent data for deposition of copper from 0.1.4 CuSO, 

10M H.SO, are presented by Wagner for three 
electrodes of heights 1, 4, and 16 em. These observa- 
tions are given in Table II, along with values calcu- 
ited by the method of Wagner, and calculated by 
equation (XXI) above. Equation (XXI), in con- 
junction with physical properties evaluated by the 
correlations developed for this paper, gives a very 
satisfactory prediction of the measurements, with 
i average deviation of 3.9 per cent between calcu- 
ated and observed values. Use of physical proper- 
lies recommended by Wagner, however, leads to a 
much less satisfactory result. The principal disagree- 
ment with respect to physical data lies in the values 
ol the diffusion coefficient for CuSO, and in the 
densification coefficients for CuSO, and H.SO,, as in- 
dicated in Table IT. 

Equations of Keulegan.—Keulegan (19) presents 
the differential equations for motion and diffusion in 
the boundary layer for mass transfer in a manner 
‘imilir to that used by Pohlhausen (15) for heat 
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transfer. An approximate solution is developed by 
assuming the distribution of velocity and concentra- 
tion to be arbitrarily selected sine functions of dis- 
tance through the boundary layer perpendicular to 
the electrode surface. The resulting solution may be 
extended into the general form corresponding to 
equation (XV) as follows: 


Nw’ = 0.628(ScGr)"4. (XXI1) 


Keulegan compares density reductions between bulk 
solution and the electrode for deposition of copper 
and nickel, calculated by equations based on this 
theory, with experimental results determined in 
freezing experiments by Brenner (18). The agree- 
ment obtained between calculation and theory is 
sufficient to constitute a strong indication of the cor- 
rectness of the concepts which have been assumed in 
the boundary layer theory. Keulegan’s presentation 
does not consider effects of migration and resultant 
increase in concentration of acid at the electrode on 
the developed density difference between the inter- 
face and bulk solution; however, the resultant error 
is not sufficient to alter the general agreement of the 
theory with the interpretation of Brenner’s experi- 
ments. 

Equations of Ostrach for heat transfer.—An excel- 
lent comprehensive treatment of heat transfer by 
free convection to vertical plates has been presented 
by Ostrach (19). The convection-diffusion equations 
are developed to give differential equations of the 
form used by Pohlhausen. By use of an IBM Card 
Programmed Electronic Calculator, solutions of 
these differential equations were obtained for vari- 
ous values of Prandtl number to give useful tabular 
functions from which Nusselt numbers, temperature, 
and velocity distributions can easily be obtained. 
These equations are adaptable to the mass transfer 
problem by substitution of Schmidt number for 
Prandtl number. For the average mass transfer Nus- 
selt number over a plate of height x,, the result of 
Ostrach may be expressed as follows: 

Nu’ 


(Grin = 0.943 f(Se) 
iT 


(XXIII) 
where f(Sc) is a function of the Schmidt number, 
tabulated by Ostrach as the function —H’(O) of 
Prandtl number. Equations (VI) and (XI) give: 


- —— ’ 1/2 
Nu - CBT) (XXIV) 
(Gr)'4 ~~ (0.952 + Se)" 
A comparison of numerical values of equations 
(XXIII) and (XXIV) for various Sc, using f(Sc) 
from the tables of Ostrach, indicates that satisfac- 
tory agreement is over the range of Schmidt num- 
bers above 0.73, with the two methods almost coin- 
ciding in the region of high Schmidt numbers such 
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as usually prevails in liquid systems. Both of these 
methods indicate equations of the simple form of 
equation (XVIII) to be theoretically inadequate 
over an extended range of Schmidt numbers for mass 
transfer or of Prandtl numbers for heat transfer. 
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Fic. 8. Effect of electrode height on average limiting 
current density 


This limitation of equation (XVIII) has apparently 
been overlooked by ten Bosch, Agar, and others, 
who have postulated its application for all Prandtl 
and Schmidt numbers. A detailed discussion of these 
equations and comparisons with experimental heat 
transfer data is given by Ostrach. 
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Effect of Experimental Variables on Lim: ing 
Current Density 


Bulk concentration of reacting species.—kyat\, 
(XXI) indicates the effect of all variables on ty 
limiting current density when @ may be assumed 
constant. If variation of other properties with ele 
trolyte composition is not significant for a given sy. 
tem, the limiting current,density should vary wi) 
the °4 power of the bulk concentration of reacting 
species. In Fig. 7, limiting current densities for th, 
present experiments are plotted against concentys 
tion of cupric ion in the bulk electrolyte. A straigh 
line of slope °4 passes through the data very w, 
at concentrations greater than 0.1.7. However. « 
lower concentrations, the relationship breaks doy 
due to failure of the assumption of constancy of 
and other properties. Thus it may be concluded tha 
limiting current density may vary as the 54 power 
concentration in certain cases, but that the rule 
not universal. 

Electrode height. According to equation (XX] 
the average limiting current density over an enti: 
electrode should vary inversely as the 4 power: 
total electrode height. This relationship is substa 
tiated in Fig. 8, which is a log-log plot of current 
density vs. electrode height for three different Cus 
concentrations. As a further consequence of this 
lationship, the total current passing to an electrod 
increases as the 34 power of electrode height 


Effect of Free Convection on Lamiting 


Current Distribution 


Equation (XX1) gives the local value of limiting 
current density at height x on a given electrode wh 
the total height x, in the equation is replaced ) 
local height x and the numerical constant is reduced 
to 0.508. According to this result, the local curren! 
density varies inversely as the !4 power of distai 
from the bottom of the electrode. This effect ha: 
been demonstrated by Wagner (18), who measure 
the current distribution for deposition of coppe! 
Fig. 9 shows the theoretical current distribution to 
one of the present experiments. To investigate th 
extent of nonuniformity of current distribution 
current densities below the limiting value, two © 
periments were conducted in which copper was 
posited at a steady state rate of 19.5 ma/em? on 4 
electrode of 7.6 cm height. After a given run, th 


fresh metal deposit was stripped off, and its weigh! 


per 1 cm? measured as a function of position on th 
electrode. This, in turn, permitted the calculatio 

local current density. At heights above 2 em, th 
current distribution was fairly uniform. At ‘ow 


heights, a significant distortion of current distribu 
tion is evident, indicating that the effect of free con 
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Fic. 9. Current distribution in free convection 
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SpecIAL EXPERIMENTS 


In order to illustrate certain additional features 
of the problem and to test further the general appli- 
cation of the correlation a number of special experi- 
ments were conducted as follows. 


Copper Deposition from Aqueous Glycerol 
Solutions 


In order to obtain a greater variation in properties 
of the electrolyte, particularly a variation in vis- 
cosity and diffusion coefficient, various H.SO,-H.O 
solutions were prepared containing glycerol in 
amounts ranging from 3.28 to 6.38 moles /liter. This 
increased the viscosity of the liquid and reduced the 
diffusion constant, respectively, by a factor of ten. 
Limiting current data were obtained for !4-in., 1-in., 
and 3-in. electrodes in the manner previously de- 
scribed. Table III presents the experimental results. 
Fig. 10 shows the comparison of Nu’ as a function 
of ScGr for these solutions with the line obtained in 
the general correlation, Fig. 6. This agreement is be- 
lieved to be very satisfactory and an encouraging 
indication of the general validity of the correlation. 


Study of Full-End Electrodes 


In the preceding experiments, the electrodes were 
placed in Lucite holders and centered approximately 
midway between the floor of the cell and upper sur- 
face of the electrolyte. It seemed desirable, therefore, 
to study an electrode extending over the entire end- 
wall of the cell, since this arrangement represents 
the opposite extreme in cell geometry. Accordingly, 
the entire Lucite end of the cell was replaced by a 
copper plate which served as the cathode. Limiting 
current measurements were made with liquid filling 
the cell at various levels from 2.5 ecm to 10.0 em. 
Experimental results are compared with the general 
correlation in Fig. 11. Although the best line through 
the data might be placed a few per cent below th 


rABLE IIL. Data and results for copper de position from CuS0O,-HoSO, glycerol solutions on vertical electrodes 


I <O, Gly = 
mt ' ° Bo ~ es i be < CD e.% = 
ity re ma,/cm?® coeff. XK 108 

‘ 7 0.25 0.3679 0.751 6.38 9.32 0.1313 23.4 
SS 0.25 | 0.5702 | 1.145, 3.28 | 35.5 | 0.3226 | 22.5 

he ! 1.00 0.3679 0.751 6.38 7.12) 0.1003 | 23.5 
ht H) OO | 0.5702 | 1.145) 3.28 | 25.5 0.2317 | 21.5 
d 0) 0.3679 0.751 6.38 1.58 0.0645 22.1 
| 2 3.00 0.5702 1.145 3.28 18.65 0.1695 22.9 


~~ 


sured in diaphragm cell (2: 


, CCT Le 


Avg 
viscosity 


centipoise 


10.02 
4.254 
9 99] 
+. 392 

10.596 
4.197 


u persists at current densities well below limit- 


hese systems. 





Avg 
diffu 
Ay ’ 
sion AC hic ) 
density a HS:0, 4 a Vu S Gr X 10 
ny pasate coef.’ X moles/l g cm 
g/cm 10 
cm?/sec 


1983 0.113 0.1538, 0.0472 73.67 73,976 0.001437 
1755) «0.264. 0.204 0.0719 77.47 | 13,708 0.01204 
1983 0.114 0.153 0.0472 224.4 73,784 0.09284 
1762. 0.255 0.204 0.0719 230.8 14,643 0.7272 
1992 0.106 0.153 0.0472 462.5 83 

1752. 0.268 0.204 0.0719 480.6 13 


3,357 2.215 


326 21.29 


line based on Fig. 6, the deviation is not very signifi- 
cant. It may, therefore, be concluded that the posi- 
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tion of the electrode with respect to the floor of the 
cell or with respect to the liquid surface is relatively 
unimportant insofar as limiting current is concerned. 


Position of Electrode Relative to Floor of Cell 


To observe further the effect of variation in elec- 
trode location, additional experiments were con- 
ducted with two electrodes 0.634 and 2.54 em in 
height, respectively. In a series of runs, these elec- 
trodes were each placed at distances of 0, 1.3, 3.2 
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Fig. 12. Effect of time intervals between current settings 
and potential reading and between successive current set 
tings upon the limiting current. 


and 5.7 em from the cell floor with the cell filled to a 
depth of 7.6 cm. Several solutions ranging from 0.042 
to 0.732 in CuSO, molarity were used in these tests. 
For a given electrode and solution, variations in the 
observed limiting currents from the average for the 
series never exceeded 1.5 per cent over the range of 


electrode positions. 


Effect of Window Baffles between Anode and Cathod: 


In the majority of experiments, the electrolyte 
between anode and cathode presented a larger cross 






section perpendicular to the direction of current fiyy 
than did the cathode. Under these conditions, son, 
nonuniformity of current distribution might be oy. 
pected, particularly at the upper and lower edges , 
the cathode. To determine the extent to which sy} 
nonuniformity of current density might affec the 
limiting current data, several experiments were ep, 
ducted using specially designed window-type Liycite 
baffles placed parallel to and near to the cathod 
Two parallel baffles were used with windows of thp 
same size as the electrode and located at the sanp 
elevation. Limiting current data were obtained for 
l-in. cathode at various elevations in the cell fille 
to a depth of 7.6 cm, with the baffles placed at dis. 
tances of '4 in. and 1 in., respectively, from th 
electrode. Limiting current results obtained with and 
without baffles were identical within limits of expe: 
mental accuracy. 


Variation in Technique of Obtaining 
Current-Potential Curves 


In order to establish the validity of the expe: 
mental techniques which was finally adopted, va: 
ous ways of obtaining current-potential curves wey 
studied. The objective of these studies was to det: 
mine any effect on the limiting current of altering 
the time intervals between successive current se 
tings, and of altering the time at which the potent 
was measured following a given current setting. | 
one series of experiments, the time of electrolysis 
each current setting was held constant at 60 seconds 
and potentials were measured following each curr 
setting at intervals of 10, 30, and 50 seconds, resp: 
tively, in successive runs. In another series of runs 
the electrolysis time was held at 180 seconds betwe: 
current settings, and the potentials were measured 
at the same intervals as in the preceding series. Tly 
data for these runs, giving six different curren! 
potential curves for identical electrolyte compos 
tions and electrodes, are shown in Fig. 12. The max 
mum deviation of the limiting currents from t! 
average value of 9.22 ma/cm* is 3.2 per cent. Irn 


producibility of polarization of copper cathodes 
should be expected in view of results of other studies 
(22). However, the limiting current density appear 


to be independent of the initial shape of the curren! 
potential curve, in agreement with the concept 


mass transfer being the controlling process at th 


limiting current point. 
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Thermodynamics of the Acid Weston Cell 


and the Acid Clark Cell! 


CARL WAGNER 


Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts 


ABSTRACT 


The dependence of the potential of the saturated Weston cell on the concentration of 


sulfuric acid is calculated thermodynamically in satisfactory accord with experimental 


results. In the case of the Clark cell, the observed dependence of the potential on the 
concentration of sulfuric acid is somewhat greater than the calculated value. A modified 


acid Weston cell is suggested in order to eliminate the dependence of the potential on 


acid concentration, 


‘THERMODYNAMICS OF THE AcID WESTON CELL 
Most 


amount of sulfurie acid in order to prevent hydroly- 


Weston cells are prepared with a small 


sis of mercurous sulfate (1). Presence of sulfuric acid 
lowers the electromotive force. According to Obata 
(2), the electromotive force E of a Weston cell satu- 
rated with CdSO,-8/3H.O decreases linearly with 
the concentration of sulfuric acid according to the 
empirical equation 


= —().855-10~* volt ‘(equivalent H.SO,/liter) (1) 


where c is the concentration of H.SO, in equivalents 
per liter. Measurements made by Vosburgh (3) con- 
firm equation (1). Ishibashi and Ishizaki (4) have 
obtained the slightly different relation 


bK /bc 
= —().833-10~* volt ‘(equivalent HoSO, liter). (II) 


The dependence of the electromotive force on the 
concentration of sulfuric acid may be derived from 
thermodynamic considerations as is shown in the 
following: 

The virtual cell reaction for passing two faradays 
(=2F) across the Weston cell 

Cd amalgam | electrolyte saturated with CdSQO,- 


8 3H.O0,HgSO,) Hg may be written as 


Cd (amalgam) + Hg-SO, (s) + 8/3H.0 (electrolyte) 


= Hg(l) + CdSO,-8/3H.0 (s). (IID) 
Hence the electromotive force £ equals 
EK = - [Fug Us Feaso ys SH2O 
— Poa — Fuso, — (8/3)Pu.ol/2F (IV) 


where the molar free energies of liquid mercury and 
CdSO,-8/3H.O (s) and the partial molar free ener- 
gies of Cd and H.O are denoted by F and F with the 
corresponding subscripts, respectively. Addition of 
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H.SO, to the electrolyte decreases Faw and thus 
according to equation (IV), also decreases the » 
tential FL. 

The components of the electrolyte, H.O, Cds0 
and H.SO,, will be denoted as 1, 2, and 3, and the 
numbers of moles by m, me, and ns, respectivel 
Presence of Hg.SO, in the electrolyte is disregarded 
since its concentration is relatively low. The Gibbs 
Duhem equation reads 


[ndP, + nedF. + nF; = O|p r. \ 


If the solution is saturated with CdSO,-8 3H.» 
the sum F, + (8/3)F; is constant, i.e., 


(dF, + (8/3) dF, = O)p.r. VI 


Upon combining equations (V) and (VI), it fo 
lows that 
= i My = 


. dF... (VII 
dP, 1 — (8/3)(n2/n;)— * 


If HoSO, is added to the electrolyte, the following 
reaction takes place 
H.SO, + SO,-- = 2HSO-. Vill 


In view of the large excess of cadmium sulfate | 


the saturated solution, the activity of SO, ~ and 


the activity coefficient of HSO, are virtually co 
stant for small additions of H.SO,. Consequent! 
the activity of H.SO, is essentially proportional 
the square of its concentration. Thus, if ny < m, 


dP, = 2RT d\n (ns/m). IX 
Substitution of equation (IX) in equation (VI! 
yields 
c: 2RTd(nz/n) 
dF; =e . “a9 : . \ 
1 — (8/3) (ne/n)) 
Upon combining equations (IV) and (X), it to 


lows that 
8 RT/F dns 
3.1 — (8/3)(ne/ny) ny 


II 
be 


dE 


93 HH. 


mole II 


where 
per lite 
Subs 
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According to Hulett (5) and Cohen and Sinnige 
6) one liter of a solution saturated with CdS0,- 
¢ 2 HO at 25°C contains 3.36 mole CdSO, and 50.8 
mole 1.0. Hence 

he 


= = 0.0120e (XII) 


», — (8/3) ne 50.8 — (8/3)3.36 


where ¢ is the concentration of H.SO, in equivalents 
per liter. 
Substitution of equation (XII) in equation (XI) 


vields for 25°C 
SF /6c)-o = —0.82-10-* volt/ 
(equivalent H.SO,/liter) (XIII) 


» close accordance with equations (1) and (IT). 

Uhlig (7) has pointed out that a cadmium amalgam 
electrode reacts with acid, Cd + 2H* = Cd** + Hh, 
and thus the potential of a cadmium electrode is 
lightly more noble than the true equilibrium poten- 
tial. This effect increases with increasing acid con- 
centration but is only of the order of a microvolt and 
therefore insignificant in comparison to the shift of 
the equilibrium potential calculated in equation 
XIIT). 


THERMODYNAMICS OF THE AcID CLARK CELL 


The effect of sulfurie acid on the electromotive 
orce of the Clark cell 

Zn amalgam electrolyte saturated with ZnSO,- 
7THLO, HgeSO, Hg 
may be caleulated in a similar way. Since the solid 
salt contains 7 moles HO per mole ZnSO,, the ana- 
ogue to equation (X1) is 


TRT/F dn; 


1 — 7(mg/n3) my 


a a (XIV) 
vhere (n4/m,) is the molar ratio of ZnSO, and H.O 
nu the electrolyte. 

\ccording to Hulett (5), a solution saturated with 
ZuS0,-7HLO at 25°C contains 3.36 mole ZnSO, and 
22.7 mole HoO. Hence, 


} aC = — 
en eS je tg 
ny in 52.7 —7 X 3.36 
Substitution of equation (XV) in equation (XIV) 
yields for 25°C 
bk ( 


3.1-10-% volt/(equivalent H.SO,/liter) (XVI) 
vhereas Hulett (5) found experimentally 
b/ 

t.1-10-* volt ‘(equivalent H.SO,/liter). (XVID) 


lhe difference between the calculated and the ex- 
perimental value may be due to the reaction between 
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zinc amalgam and acid, whereby the potential of the 
zinc amalgam electrode is shifted to a slightly more 
noble potential (8). For the Clark cell this effect is 
far more significant than for the Weston cell since 
the single electrode potential of a zinc amalgam elec- 
trode is 0.4 volt less noble than that of a cadmium 
amalgam electrode end, accordingly, the rate of hy- 
drogen evolution and dissolution of metal is about 
1000 times greater. 


SUGGESTION OF A MopiFiep Acip Weston CELL 


At either side of the saturated Weston cell there 
are four phases, viz., two metallic phases, solid 
CdSO,-8/3H2O, and aqueous solution at the nega- 
tive electrode; and liquid mercury, solid CdSO,- 
8/3H.0, solid HgsSO,, and aqueous solution at the 
positive electrode. In the acid Weston cell there are 
five components, e.g., Hg, Cd, CdSO,, H»O, and 
H.SO,. Hence, applying the Gibbs phase rule to 
either half cell (9, 10), there are three degrees of free- 
dom, e.g., temperature, pressure, and the activity 
of sulfuric acid. 

To obtain the greatest possible stability of the 
potential at a given temperature, it seems desirable 
to reduce the number of degrees of freedom to two 
so that the electromotive force is determined by only 
two independent variables, i.e., temperature and 
pressure. To this end, one may add K.SO, as a new 
component and two other phases, e.g., the solid salt 
3CdS80,-K2S0,-5H.O described by Benrath and 
Thémmessen (11) and a solid acid potassium sulfate, 
possibly KHSQO,. Cells of this type although without 
KHSO, have been investigated by Vosburgh, Derr, 
Cooper, and Pettengill (12). Eventually, however, 
the rather high hydrogen concentration in cells in- 
volving solid KHSO, may cause too high a rate of 
hydrogen evolution at the cadmium amalgam elec- 
trode, which is undesirable in the first place because 
of an irreversible potential change according to 
Uhlig (7), and in the second place because of the de- 
pendence of the potential on total pressure. Accord- 
ing to Cohen and Sinnige (6) the potential of the 
saturated Weston cell increases by 6 microvolts when 
the pressure is increased by one atmosphere. 

As an alternative possibility for reducing the num- 
ber of degrees of freedom, one may add an organic 
acid as a new component and two other phases, e.g., 
solid acid HX and solid salt CdX, or its hydrate. 
Eventually, 1- or 2-naphthalinesulfonic acid may be 
suitable, but at the present no definite proposal can 
be made. 
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Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1954 issue of the 
JOURNAL. 
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lron Contamination of Storage Batteries’ 


EK. WILLIHNGANZ 


Research Laboratories, Gould National Batteries, Depew, New York 


INTRODUCTION 





Smal! amounts of iron are present in all lead-acid 
sorage batteries. The raw materials usually contain 
ron, and the manufacturing is carried out in iron 
equipment. The amount of iron present in the bat- 
tery is usually estimated by analyzing the electro- 
vte, and the amount so found is usually less than 
).01 per cent. 

fhe exact amount which a battery can tolerate 

thout damage has not been accurately determined. 
Gilette (1) found that when 0.01 per cent was added 

the electrolyte, there was no perceptible influence, 
hut that 0.10 per cent caused a high rate of self-dis- 
harge. Vinal (2) found that there was a perceptible 
fluence on self-discharge when 0.012 per cent was 
vided to the electrolyte. 

\Vinal’s tests were carried out under rather special 
nditions. He used single plates, suspended them in 
ilarge excess of acid, and followed changes by weigh- 
g the plates while suspended in the acid. 

In view of the limited nature of this information, 
twas decided to redetermine the effect of iron under 
nditions which more closely conform to actual bat- 

lery practice. 


EXPERIMENTAL 


For this test, a series of 67 test batteries was pre- 
pared. These were standard 100-amp-hr, 15-plate, 
‘x-volt automobile units prepared from commercial 
materials. The separators were a commercial type, 
sisting of a polystyrene bonded diatomaceous 
earth, supported on a glass mat and having a con- 
entional ribbed surface and a glass mat facing the 
positive plates. After the first charge, usually de- 
vribed as the formation, the cells were drained, 
nnsed with a solution of reagent grade sulfuric acid 
lo remove most of the dissolved iron, and then filled 
vith reagent grade acid which had been adjusted to 
specific gravity of 1.270. They were then charged 
'0 secure thorough mixing of the acid, and the iron 
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content of the electrolyte determined. This averaged 


0.007 per cent on several typical cells. 


Ferrous sulfate was then added to some of the 
cells in accurately measured amount to adjust the 
iron content of the electrolyte to the desired value. 
Thirteen batteries of each of five iron contents were 
prepared. 

Duplicate batteries were then given each of the 
customary performance tests according to the speci- 
fications of the Society of Automotive Engineers as 
published in 1952 (3). Three different laboratories 
carried out the tests, using either four or five bat- 
teries of each of the five iron contents. 


RESULTS 


The averaged results are summarized in Table I 
for three significant iron contents. In general, iron 
affected the performance in two ways. Most obvi- 
ously, it shortened the battery life when the battery 
was given repeated cycles of charge and discharge. 
At 0.1 per cent by weight of added iron, the life was 
seriously reduced. 

The rate of self-discharge was also affected by iron 
content. At 0.1 per cent added iron, the rate of self- 
discharge was measurably greater than that of a bat- 
tery with no added iron. When the self-discharge was 
measured in terms of a loss of specific gravity, 0.1 
per cent iron increased the loss 1.5 times. When the 
residual capacity was measured, the loss was only 
1.15 times. 

Where less than 0.1 per cent of iron was added to 
the electrolyte, no definite harmful effects were ob- 
served. Tests were run at 0.00, 0.012, 0.020, 0.030, 
and 0.100 per cent iron. The results of the first four 
iron contents are substantially identical, so that of 
these only the 0.00 and 0.030 per cent results are 
tabulated. Although it appears that there is some 
effect at the latter level, the differences are within 
the expected variation of experimental results and 
are not considered significant. 
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TABLE LIL. Effect of iron 


Iron content, % of electrolyte* 0.000 0.030 0.100 


Self-discharge—28-day loss in sp gr 


@ 80°F 
Laboratory A 0.033. 0.082 0.053 
Laboratory B 0.041 0.046 0.057 
Laboratory C (% residual ca 70 72 66 


pacity) 


20-hr capacity, amp hr @ 5amp @ 


80°F 
Laboratory A 103.8 100.7 96.5 
Laboratory B 100.6 99.4 96.6 
Laboratory C 101] 100.0 95.0 
SAE life, cycles, 4 charge-discharge 
cycles per day 
Laboratory A 
Laboratory B 360 360 214 
Laboratory C 153 417 123 
Overcharge life, weeks @ 9 amp 
Laboratory A S S 7 
Laboratory B 6 6 6 
Laboratory C 6 7 7 
Cold test capacity, min at 300 amp 
Laboratory A +.41 3.93 3.67 
Laboratory B 3.8 3.40 3.70 
Laboratory C 3.58 3.55 3.63 
[ 
5-See voltage, at start of cold test 
Laboratory A $.38 $.44 1.39 
Laboratory B +.48 +.41 +.40 
Laboratory C 1.38 4.32 1.22 
End of charge volts 
Laboratory A 7.53 7.53 7.56 
Laboratory B 
Laboratory C 7.36 7.30 7.25 


* Grams Fe per 100 g electrolyte. Added as an equivalent 
amount of FeSO,-7H,O 
ey ABLE Il Tron summary as perce ntage of é lectrolyte 


Added to acid 0.000 0.030 0.100 


Total in cell 0.007 0.037 0.107 


Found in acid 


Found—after 3 eveles 0.009 0.025 0.130 
after 60 davs stand 0.007 O.O1IS 0.045 
after evcle life test 0.006 0.021 0.077 


after overcharge lifetest 0.004 0.007 0.034 
Found in lead peroxide after over 
charge life test 
Calculation to % in acid 0.030 


Tron Analyses 


Although carefully weighed amounts of ferrous 
sulfate were added to the test batteries, analysis of 
the electrolyte for iron gave low results. The missing 
iron was found in the lead peroxide upon dismantling 
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the test cells. The results are summarize.) jy Ta 


ble II, 
DISCUSSION 


Two aspects of the action of iron are importay 
First, there is the practical matter of the iron tg, 


erance of a battery; and second, there is the technic) 
question of why iron affects battery performang 


The mechanism of the action of iron in the storag. 
battery can be discussed only briefly. Vinal hy 


shown that iron is oxidized at the positive plate \, 


the ferric state, and this diffuses to the negatiy. 
plate where it is reduced and returned to the pos. 
tive plate. The net result is a transfer of an electric) 


charge between the plates without the passage of 4) 


external current, and constitutes self-discharge. ()) 


this basis, the contribution of iron to self-discharge 


should be proportional to the iron content of | 
electrolyte. 


The appearance of iron in the positive act 
material is certainly evidence that ferric iron is dis 
solved in, or is adsorbed by, lead peroxide. 

The effect on SAE life is interesting since, in this 
test, life is limited by the shedding, or sloughing 
off, of the positive active material. During period 
charge-discharge cycles, the lead peroxide is « 
verted to crystalline lead sulfate and back to lead 
peroxide repeatedly. During this process, the act 
material gradually softens, and finally drops to the 
bottom of the battery as a finely divided lead pero 
ide sediment. Since iron accelerates this process : 
siderably, it seems probable that iron is adsorbed 
the peroxide crystals, and prevents fresh peroxid 
formed during charge from attaching itself firmly | 
the underlying lead peroxide. 

The effect of large amounts of iron on the 20-! 
rate capacity can be explained by the same mec! 
anism. This test capacity is usually limited by 1! 
rate at which acid can reach the interior of the pos 
tive plate. Since iron reduces the capacity, it p! 
ably influences the plate structure to retard diffusi 
In view of the structural differences postulated 
connection with the SAE cycling life test, it is an! 
pated that iron would gradually reduce the capa: 
measured at the 20-hr rate. 

The test data are not sufficiently precise to est; 
lish this gradual deterioration of capacity, but th 
are at least suggestive of such a deterioration 

On the basis of the above tests, it is conclud 
that iron is harmless to the automobile battery wh 
0.037 per cent is present initially in the electroly! 
but that 0.10 per cent is somewhat harmful. Furth 


it is concluded that an analysis of the electrolyte » 


not a reliable method of measuring the iron ¢ nite! 


of the battery since part of the iron is removed fr! 
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ye elec'rolyte by the lead peroxide of the positive 
piate 

ro avoid uncertainty, it appears desirable to con- 
er the total iron content of the cell, that is, both 
the ele ‘rolyte iron and the iron in the lead peroxide. 
The above results can be expressed by saying that 
the battery can tolerate a total iron content equal 
4) 0.037 per cent of the weight of acid, but to test 
the cell it is necessary to analyze both acid and lead 
peroxide, 

rhis conclusion is based on the standard bench 
esting of automotive batteries only. It manifestly 


cannot be applied to specialty batteries, or special 
service conditions, such as calcium alloy telephone 
batteries where self-discharge offers a different kind 
of problem, or industrial truck batteries where shed- 
ding rates must be controlled more carefully than in 
automobile batteries. 
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FUTURE MEETINGS OF 


The Electrochemical Society 


ER 


Chicago, May 2, 3, 4, 5, and 6, 1954 


Sessions on 


Electric Insulation, Electronics, Electro-Organic 
Chemistry, Industrial Electrolytics, Theoretical 
Electrochemistry 


Headquarters at the La Salle Hotel 


Boston, October 3, 4, 5, 6, and 7, 1954 


Headquarters at the Statler Hotel 


** * 
Cincinnati, May 2, 3, 4, and 5, 1955 


Headquarters at the Sheraton-Gibson Hotel 


Pittsburgh, October 9, 10, 11, 12, and 13, 1955 


Headquarters at the William Penn Hotel 


Papers are now being accepted for the meeting to be held in Chicago. 
Five copies of each abstract (not exceeding 75 words in length) are due at the 
Secretary's Office, 216 West 102nd Street, New York 25, N. Y., mol later than 
January 15, 1954. Complete manuscripts should be sent in triplicate to the 


Managing Editor of the JourRNAL at the same address. 
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